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 Abstract
 
 
 
Until now, the direct growth of graphene on a material is limited to metal 
transition substrates. It is because the most frequently used methods need of 
the catalytic properties of these materials to favor the formation of graphene, 
such as CVD. Focusing on that idea, we decided to cross this barrier and 
establish as the aim of this work the synthesis of graphene on an insulator; and 
to do this, we have used a MBE solid carbon source.  
 
We have developed and adapted the MBE method to work in our UHV 
chamber. The combination of a UHV environment and the use of a MBE 
method allow us a greater control of the growth conditions and it helps to 
elucidate the process of growth graphene on surfaces. Moreover, using this 
method we can synthetize graphene in large areas and we are not limited by 
the nature of the substrate so, we can growth directly on insulating or 
semiconductor materials.  
 
We have done several steps before to grow graphene on a non-metallic 
substrate. In this work we present all this process: the assembly of the method 
to grow graphene, the synthetize of graphene (G) on a well-known surface as 
platinum (111), and on a less common substrate as gold (111); and finally, the 
growth of graphene on an insulator (diamond). Diamond is a material made of 
the same atoms of graphene. It has interesting properties as the highest 
hardness and thermal conductivity than any bulk material, so the graphene-
diamond system can have high technological interest. Here, we have used two 
different surfaces (C (111) and C (100)) doped with boron or nitrogen so, the 
diamond has a semiconductor behavior. It is needed to use the scanning 
tunneling microscopy (STM) (the main technique used in this work). 
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For the characterization of the graphene layers we have used in situ surface 
science techniques, e.g. low energy electron diffraction (LEED), Auger electron 
spectroscopy (AES) and scanning tunneling microscopy (STM), quadrupole 
mass spectroscopy (QMS). Moreover, we have used, ex situ, Raman 
spectroscopy for the graphene-diamond characterization.  
 
The results obtained from the different surface techniques prove the formation 
of graphene with different characteristics. For example, long-range ordering with 
moiré patterns that correspond to a monolayer of G/Pt (111), dendritic islands of 
graphene pinned to atomic step edges on Au (111), or nano-islands with 
different orientations on the diamond. Therefore, we have proved that the MBE 
growth method based on the direct sublimation of carbon atoms on a surface 
opens up new possibilities for the formation of graphene on very different 
substrates with potential technological applications. 
  
Furthermore, at the end of the dissertation, we take the last chapter of results 
for a different issue. It is based in the direct sublimation of a huge molecule 
under UHV conditions; and the transformation of its structure due to the 
sublimation of water molecules. 
 
In surface science, the use of UHV conditions is a good approach to control the 
functionality, size, and shape of the grown nanostructures by the sublimation of 
molecules. However, it is limited by the stability of the molecule because it can 
suffer structural damage during that process. For that reason, in most of the 
previous studies related to complex molecules on surfaces, the molecules were 
transferred from a solution or by a dry imprint technique to the substrate, as an 
attempt to preserve the weak core.  
 
In the six chapter, we show the results about the manipulation of a transition 
metal complex with a robust structure [Cu4(m3-Cl)4(m-pym2S2)4] (pym2S2= di-
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pyrimidine disulfide) (named Cu4Cl4). We have been able to sublimate it 
keeping its molecular integrity and then, we have studied how these molecules 
self-assemble without being disrupted by the surface of Cu (110). Then, we 
have taken a further step observing in situ how the self-assembled structure 
transforms into other one in the presence of water. Thus, we have been able to 
analyze in detail the chemical and physical processes that involve the 
transformation and to determine the final structure obtained by the combination 
of surface techniques and DFT calculations. Our experimental results reveal 
that the substrate played an important role. The interactions of the Cu (110) 
surface with the water molecules and the atoms of the Cu4Cl4 cluster induce the 
transformation. Accordingly, we propose a model for the resultant assembled 
molecules after the reaction. 
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Resumen 
 
 
Hasta ahora, el crecimiento directo de grafeno sobre un material ha estado 
limitado a los metales de transición. Esto es debido a que los métodos más 
usados, como el CVD, necesitan de las propiedades catalíticas de estos 
materiales para favorecer la formación de grafeno. Esta limitación nos ha 
conducido al objetivo de este trabajo: sintetizar grafeno sobre un aislante; y 
para hacerlo, hemos usado la técnica de crecimiento epitaxial de haces 
moleculares (MBE) con una fuente de carbono sólida. 
  
Hemos desarrollado y adaptado este método (el MBE) a nuestra cámara UHV. 
La combinación de las condiciones de ultra alto vacio y el uso del MBE nos 
permite un gran control de las condiciones de crecimiento y ayuda a elucidar el 
proceso de crecimiento de grafeno en superficies. Además, usando esta 
técnica, podemos sintetizar grafeno en grandes áreas y no estamos limitados a 
la naturaleza del sustrato pues, podemos crecerlo directamente sobre 
materiales aislantes o semiconductores. 
 
Antes de llegar a nuestro objetivo, tuvimos que realizar varios pasos previos. 
Todo este proceso es presentado en este trabajo, desde el ensamblaje del 
método para crecer grafeno, la síntesis de grafeno en una superficie conocida 
(platino (111)) y en otra menos habitual (oro(111)), hasta finalmente, el 
crecimiento de grafeno sobre un aislante (diamante). El diamante es un 
material hecho de los mismos atomos que el grafeno. Tiene interesantes 
propiedades como la dureza y la conductividad térmica más alta a la de 
cualquier otro material. Por tanto, el sistema grafeno-diamante puede tener un 
alto interés tecnológico. Aquí, hemos usados dos superficies diferentes (C(111) 
y C(100)) dopados con boro o nitrógeno, por lo que el diamante se comporta 
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como un semiconductor. Esto es necesario para poder usar el microscopio 
efecto túnel (STM), el cual es la principal técnica utilizada en este trabajo. 
 
Para la caracterización de las capas de grafeno se han utilizado técnicas de 
física de superficies in situ como difracción de electrones a baja energía 
(LEED), espectroscopía de electrones Auger (AES), espectroscopía de masas 
(QMS) y microscopía túnel (STM). Además, hemos usado ex situ, 
espectroscopía Raman para la caracterización de grafeno-diamante. 
 
Los resultados obtenidos de las diferentes técnicas de superficies demuestran 
la formación de grafeno con diferentes apariencias. Por ejemplo, grandes áreas 
ordenadas con patrones de moiré que corresponden a una monocapa de G / Pt 
(111), islas dendríticas de grafeno fijadas a aristas atómicas en Au (111) o 
nano-islas con diferentes orientaciones sobre diamante. De esta manera, 
nuestro método basado en la sublimación directa de átomos de carbono en una 
superficie abre nuevas posibilidades para la formación de grafeno en muchos 
sustratos diferentes con aplicaciones tecnológicas potenciales. 
 
 Por otra parte, al final de esta disertación, hemos dedicado el último capítulo 
de resultados para un tema diferente. Éste está basado en  la sublimación 
directa de una molécula de gran tamaño bajo condiciones de ultra alto vacío, y 
la transfomación de su estructura debida a la sublimación de moléculas de 
agua. 
 
En la ciencia de superficies, el uso de condiciones de UHV es un buen enfoque 
para el control de la funcionalidad, el tamaño y la forma de las nuevas 
nanoestructuras por la sublimación de moléculas. Sin embargo, la estabilidad 
de estas moléculas presenta una limitación que no permite la sublimación sin 
que haya daño estructural durante ese proceso. Por esta razón, en la mayoría 
de estudios previos, de moléculas complejas y grandes sobre superficies, las 
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moléculas fueron transferidas de una solución, o por una técnica de impresión 
en seco en el sustrato para preservar el núcleo frágil. 
 
En el capítulo seis, mostramos los resultados de la manipulación de un 
compuesto de metal de transición con una estructura robusta [Cu4(m3-Cl)4(m-
pym2S2)4] (pym2S2= di-pirimidina disulfuro) (llamado Cu4Cl4). Hemos sido 
capaces de sublimarlo manteniendo su integridad molecular y estudiamos 
cómo se autoensamblan moléculas sin que la superficie de Cu (110) las rompa. 
Luego, observamos in situ cómo la estructura autoensamblada se transforma 
en presencia de moléculas de agua. Así, analizamos en detalle los procesos 
químicos y físicos que implican la transformación y determinamos la estructura 
final obtenida con la combinación de técnicas de superficie y cálculos de DFT. 
Nuestros resultados experimentales revelan que el sustrato ha desempeñado 
un papel importante en esta transformación. Las interacciones de la superficie 
Cu (110) con las moléculas de agua y los átomos del grupo Cu4Cl4 inducen el 
cambio. En consecuencia, proponemos un modelo para las moléculas 
ensambladas resultantes después de la reacción. 
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Nanotechnology refers to the sciences and techniques dedicated to the 
manipulation of matter on an atomic, molecular o supramolecular scale. The 
final purpose is to design and to build systems for the ultimate benefit of human 
kind, for example in industrial or medical applications. This concept is based on 
the idea to use atoms or molecules as the building blocks to make a final object. 
The first time this concept has been used was in the famous talk “There is 
plenty of room at the bottom” of Prof. Feynman in 19591. There, he talked about 
the possibility to decrease the size of the circuit of a computer until the atomic 
limits, and he speculated about the multitude of applications once the 
methodologies to handle individual atoms could have been dominated. At 
present, Feynman’s request for the tools to handle atoms has been realized, 
although their full potential has not yet been achieved. In the last decades, new 
methods have been developed that allow the manipulation of the individual 
atoms, as is the case of scanning tunnel microscopy. One of the most famous 
cases was the manipulation of Xe atoms to write IBM in 1990 by Don Eigler and 
Erhard Schweizer2. This way, the invention of the STM3 gave a great tool for 
atomic manipulation and visualization. The subsequent birth of AFM4 further 
opened countless possibilities to handle biological systems as DNA. 
 
Nanotechnology is also a multidisciplinary field that can contribute to face many 
challenges in medicine (e.g. the search for nanoparticles for the transportation 
of drugs into the human body), power storage (e.g. the design and the develop 
of materials to build cheap, ecologic and efficient solar cells), electronic devices 
(e.g. the develop of nano-circuits to build multimedia systems with much 
memory and processing that occupy less space), environment problems (e.g. 
the develop of biodegradable plastics or devices for purification of water), food 
or textile industry(e.g. improving the packacking and the food process or the 
develop of nano-fibers to regulate the temperature, the odors, modify the colors 
and to avoid immflamations), and even, in areas of the primary sector, such as 
agriculture and livestock (e.g. for the treatment of plant diseases or the control 
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of pests). In our case, we use the nanotechnology in the field of material 
sciences, and more specifically, surface science. 
 
The possibility of separate single graphene flakes is an impressive case of 
scientific ingenuity using, what probably will be the simplest, most unexpected 
nanotechnology5 tool: scotch tape. This work led to the experimental 
confirmation of the possibility of insolation of a single graphene flake and to the 
demonstration of its unique properties. 
 
Graphene is a 2D carbon pure composite with a honeycomb structure (Fig 1.1). 
It has many interesting properties like a high electrical and thermal conductivity, 
and extremely high mechanical strength6,7. These characteristics have attracted 
the attention of the scientific community because the combination of these 
properties in one single material has boosted a plethora of promising practical 
applications such as nanocomposites, sensors, energy storage devices, and 
transparent conducting films. 
 
 
Fig 1.1: Representation of the graphene structure. It is a 2D carbon pure composite 
formed by a honeycomb lattice. The unit cell and lattice vectors are represented by 
dashed lines and the arrows   ⃗ and   ⃗ respectively. Each unit cell is defined by two 
carbon atoms with non-equivalent positions; the labels A and B indicate this.  
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These properties are the result of the particular electronic structure of graphene. 
In Fig 1.2 we show the energy band dispersion of graphene, as a function of the 
momentum k. It exhibits a muffin-tin shape with six Dirac points (the points 
where the conduction and valence bands touch); because graphene symmetry, 
the six Dirac points are paired too. Near these points the energy band adopts a 
cone-shape called Dirac’s cone where the energy dispersion is linear. Linearity 
in these points implies that the effective mass of the electrons is zero, since it is 
related to the second derivative of the energy6. This way, electrons in that 
region have a behavior similar to the Dirac fermions6. This amazing electronic 
structure is characteristic of materials formed by a 2D honeycomb, and it is the 
reason why many scientists look for new, cheap and scalable methods to grow 
graphene or new alternative materials as TMDs (transition metal 
dichalcogenide)8. 
 
 
 
Fig 1.2: Energy band dispersion model for the graphene electronic structure with 
respect to the momentum (k). It looks like a muffin-tin. At the right side, a closer view of 
the energy band in the Dirac point exhibits the Dirac cone.  
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Preparation methods of graphene greatly vary. One part of this work, we focus 
on the growth of graphene using a solid carbon source. The growth of graphene 
based on the direct sublimation of carbon composites on a surface in a vacuum 
environment is usually known by the name of MBE and the efficiency of these 
type of methods have been previously demonstrated9–11. However, these 
methods depend on various parameters such as the substrate quality, the 
temperature of the substrate and the temperature of the source, the time of 
sublimation, etc. We remark that the flexibility that can be obtained with MBE 
can be difficult to obtain by other methods, but most importantly MBE is not 
limited to metallic substrates. 
 
Furthermore, surface science techniques have allowed the characterization of 
many systems with high technological impact based on the organization of 
molecules on surfaces. This is because molecules or nanoparticles can modify 
the properties of the substrate12 regarding electric or optical characteristics, 
changing the resistance or altering the response of the substrate to an external 
molecule forming sensors. Furthermore, the development of molecular 
electronics to replace the inorganic semiconducting technology has been a 
priority for surface science. Molecular electronics allow the building of electronic 
circuits more functional, cheaper, smaller, and open to more changes than the 
traditional technologies. 
 
In this area, the choice of the molecule to be deposited plays a fundamental 
role. It is needed to find a molecule that is adequate to achieve our objectives. 
For example, molecules that are good electron acceptors or donors, or that can 
be covalently bonded to itself to form COFs (covalently organic frameworks) 13–
15. Until now, the main limit is, most of the times, the size of the molecule. Huge 
molecules tend to be more unstable, and the deposition on a surface without 
disrupting the molecule becomes a problem. In the second part of this thesis, 
we have successfully used a large molecule on a metallic surface; we hope this 
work could open the door to future studies in this field. 
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Another important issue is the choice of the substrate; the catalytic properties of 
the transition metals have been exploited. So, they are well-known to favor the 
connection of organic molecules or the induction of chemical reactions14. The 
electronic structure of this group on the periodic table promotes the catalytic 
activity, so the metallic substrate has a different activity for each reaction, and it 
depends on the electron occupancy of the last bands. In consequence, some 
authors have compared the catalyst effects of different substrates with a 
specific molecule16,17 
 
Most surface science works are developed in vacuum environments, or in our 
case in Ultra High Vacuum (UHV). It is due to the need to approach an ideal 
system. The UHV allows using substrates atomically clean, and offers an 
excellent control of the system to be studied and the characterization 
techniques. This way, it makes the understanding easier of how the chemical 
and physical processes happen. 
  
1.1 Outline of this thesis 
 
This thesis is divided into seven chapters: 
1. Introduction and motivation. This is an introductory chapter to 
explain the importance of the topics that will be approached in this 
work: Graphene growth by MBE and by using a metal-organic 
complex deposition (MOD) technique on a suitable surface. 
 
2. Methods. Detailed description of the experimental and theoretical 
methods used throughout the thesis. Moreover, in this chapter, it will 
be shown the UHV system in which the MBE and the MOD 
techniques have been implemented in this thesis. 
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3. Molecular Beam Epitaxy solid carbon source. This chapter 
explains the design, development, and implementation of the carbon 
evaporator in the ultra-high vacuum chamber. It also described our 
characterization system in which graphene is grown onto various 
substrates. 
 
4. Graphene by MBE on metallic substrates. Growth of graphene on 
Au (111) and Pt (111) single cristal substrates using a MBE solid 
carbon source. A detailed characterization of the graphene using 
STM, LEED and AES is showed in this part. Moreover, It will also be 
shown a theoretical description of the formation on graphene on 
these two substrates; from the deposition of one carbon atom until the 
formation of a graphene monolayer, and analysis about the moirés 
observed in the experimental results. 
 
5. Graphene by MBE on insolation substrates: diamond C (111) and 
C (100). In this chapter, we demonstrate the growth of graphene on 
two different faces of diamond. The characterization is carried on with 
the surface techniques of the UHV chamber and Raman 
spectroscopy. The theoretical part supports the existence of 
graphene on the surfaces. 
 
6. Metal-organic complex deposition. This part is about a different 
issue than the growth of graphene. Here, we show the study of self-
assembling processes of a huge metal-organic complex to form 
graphene and its reaction induced by water molecules. 
 
7. Conclusions. This chapter summarizes the main results obtained in 
this work. 
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Experiments have been performed in Ciclope chamber (Fig 2.1) at the ESISNA 
laboratories (ICMM-CSIC). It consists of an ultra-high vacuum (UHV) chamber 
equipped with a Variable Temperature Scanning Tunneling Microscopy (STM-
VT, Omicron), Low-Energy Electron Diffraction (LEED), Auger Electron 
Spectroscopy (AES), and Quadrupole Mass Spectrometer (QMS). Taking 
advantage of the LEED and Auger apparatuses, we have carried out Electron 
Energy Loss Spectroscopy (EELS).  
 
We have implemented an in-house evaporator of metal-organic complex 
molecules and a home-made Molecular Beam Epitaxy solid carbon source. This 
evaporator uses a piece of pure glassy carbon, Sigadur ® G-type from HTW 
Hochtemperatur-Werkstoffe GmbH18 which is resistively heated. 
 
Furthermore, the chamber includes some other facilities, namely: (1) A 
sputtering ion gun to facilitate the cleaning of surfaces. (2) A manipulator with 
two sample stages where the sample can be cooled down or heated it up (until 
1473 K). (3) A home-made tip manipulator to prepare STM tips either by heating 
or by field emission. (4) Two Bayard-Alpert type ionization gauge to measure 
the pressure in the chamber. (5) Valves to keep isolate the preparation chamber 
from the STM chamber. For example, it is possible to vent the fast-load-lock 
while the rest is kept in UHV conditions  
 
The STM measurements have been taken using Dulcinea's and the WSxM 
software19 electronic from Nanotec. Both, tungsten tips or Kolibri sensors 
adapted for our STM have been utilized in the experiments.  
 
2. Methods 
 
 12  
 
 
Fig 2.1: The Ciclope chamber in ESISNA's laboratory. The different parts of the 
chamber are identified with labels. 
  
A base pressure of 1×10-10 mbar can be routinely attained in the chamber. The 
pumping stages consist on: a small turbo molecular pump (67 l/s) and the main 
turbo molecular pump (235 l/s) which are backed by a membrane pump. First, 
the membrane and the small turbo molecular pump help to get pre-vacuum 
conditions (~ 10-6 mbar). Then, the main molecular pump takes on the control 
until obtain a good UHV. Moreover, we have an external pumping-system 
(turbomolecular + membrane) to improve the vacuum in other parts of the 
chamber when it is needed, e.g. in the transfer bar, in distinct areas of the 
chamber, etc.     
 
Aside from the turbo molecular pumps, this system has an ionic pump, a 
Titanium Sublimation Pump (TSP), and a non-evaporation getter (NEG) to 
maintain the base pressure in the 10-10 mbar range, during, for example, STM 
vibration free operation. 
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Other techniques have been used ex-situ: (1) Raman Spectroscopy and micro-
Raman Spectroscopy at the Instituto de Ceramica y Vidrio (ICV-CSIC) and (2) 
Surface X-Ray Diffraction at BM25-SpLine Beamline (ESRF, Grenoble, France). 
 
Theoretical calculations have been carried out using density functional theory 
(DFT) with CASTEP program and Materials Studio 6.1/8.0 software. All 
calculations have been performed in high-performance computer clusters 
TRUENO (CSIC) and HADES (ICMM-CSIC). 
 
 
2.1 Scanning tunneling microscopy (STM) 
  
Scanning tunneling microscopy is a technique developed in the 1980s 3 by 
Binning and Rohrer and based on the quantum-mechanical tunnel effect that 
allows electrons to tunnel through otherwise classical forbidden potential 
regions. 
 
It has become one of the most powerful techniques in surface science, 
providing images of clean surfaces and species adsorbed on them with atomic 
or molecular resolution.  
 
Since it is the primary tool used in this thesis, a thoroughly description has been 
incorporated to help interpret the results. The technique, however, is nowadays 
very well understood, and there are many good reviews on the subject 20–23.   
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The STM consists of a sharp metallic tip that we can be approached to the 
surface of a conductive sample using piezoelectric actuator until a tunneling 
current is detected (see Figure 2.2). The current depends on the tip-sample 
distance according to the Eq(2.1) 
 
       
    √ ̅  Eq(2.1) 
where N is the density of states, Vs is the voltage applied between the tip and 
the sample, k is a constant, d is the distance between the tip and the sample 
and  ̅ is the average of the work-function. 
 
The Eq(2.1) indicates that the tunneling current is proportional to the voltage 
applied (it is applied to favor the tunneling current in only one direction; in our 
case, it is applied to the tip) and that the current decays exponentially with the 
distance between the tip and the sample. So, a small change in the distance 
between them causes a big change in current. The piezoelectric actuators are 
used to move the tip scanning over the surface and the computer system based 
closed loop measures the current and can generate a topographic image based 
on the tunneling intensity 
 
Acquisition of images proceeds most commonly in a constant-current mode. A 
feedback loop is used to maintain the tunneling current constant as we scan the 
tip back and forth. The piezoelectric materials extend or compress as 
appropriate to keep the current constant, so the color map of the images 
encode how much the tip has moved vertically. These movements are recorded 
by the computer system and translated as an STM image. Every pixel in this 
image corresponds to the distance moved to maintain the tunnel current 
constant. Different chemical species adsorbed on the surface can also induce 
variations in the tunneling current because differences in the electronic structure 
can also translate as differences in the tunneling current. Therefore, the 
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simplest interpretation of an image regarding only topology and variation of 
distances might not be correct. 
 
The second mode of image acquisition is the constant-height mode. Here, the 
current is allowed to vary and the feedback is used to preserve the same height 
between the tip and the sample. The images show a map of relative distances 
via the measured currents, which again can be affected by electronic effects. 
 
 
Figure 2.2: Schematic representation of the STM. The voltage is supplied to the tip and 
the sample is grounded to earth.  The tip is moved in x,y and z  directions by 
piezoelectrics. Dulcinea's control unit arranges the movement of the z piezoelectrics to 
maintain the constant-current or constant-height and the x,y piezoelectrics serve to 
scan the surface as required by the software. The sharp tip scans the surface of the 
sample and the control unit translates the signal as an image in the computer. 
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2.1.1 Quantum Mechanical Tunneling effect 
 
The quantum tunneling effect is related to the capability of an electron 
(described by its wave function ψ(r)) to overcome a barrier even if it has not 
enough classical energy to do it (Figure 2.3). The quantum particle has a 
nonzero probability of tunneling through a potential barrier of height V0<∞ and 
width d. If the electron would be described in a classical approximation, it would 
have a zero probability through a barrier with a height V>Eelectron.  
 
 
Figure 2.3: An electron in front of a barrier V0<∞ with a weight d can describe a 
classical path that overcomes the barrier only if its energy E>V0 .On the other hand, to 
the quantum theory it has a non-zero probability of crossing the barrier even if it has 
not enough energy. 
 
In the literature, two main formalisms have been developed to explain the STM 
experiments: Bardeen’s formalism and Tersoff-Hamman approximation.  
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i. Bardeen’s formalism 
 
Bardeen's tunneling formalism (1961)20 is the base for many theories of STM, 
but the predictions of this formalism are usually applicable when the tip-sample 
distance is big enough and the bias voltage is adequately small. 
 
Bardeen's approach separates the tip and the sample on independent systems. 
The tunneling current is the result of independent scattering events that transfer 
electrons through the barrier. Schrödinger's equation can be solved in each 
separate region when the electronic states of the sample and the tip have been 
separately obtained; then time dependent first-order perturbation theory is used 
to estimate the rate of electron transfer between the two regions.  
 
Alex Goettlieb and Lisa Wesoloski24 have discussed Bardeen's theory as 
applied to STM. The theory is based on several assumptions: 
 
a) The electron-electron interaction can be ignored 
b) The occupation probabilities for the tip and sample are independent of 
each other and don’t change in the process of tunneling 
c) The tip and sample are in electrochemical equilibrium. 
d) The tunneling is weak enough to justify that the first-order approximation 
is valid 
e) Tip and sample states are orthogonal. 
 
Considering these presumptions we can write the single-particle Hamiltonian 
that describes the electrons behavior. Since we are assuming independent 
electrons, the problem of the electronic dynamics in the STM focuses the 
analysis on the single-electron Hamiltonian: 
 
       
  
  
                Eq. ( 2.2) 
 
2. Methods 
STM 
 
 18  
 
where V(r) is the electrostatic potential energy that an electron would have at 
position r. We must take into account that the samples that exhibit single-
electron charging effects cannot be treated by Bardeen’s tunneling theory 
(assumption a). 
 
The Hamiltonian must be applied to the tip and sample separately. Bardeen 
defines tip's and sample's Hamiltonians as follows. 
 
Sample states are given by: 
             
  
  
                      Eq. (2.3) 
And tip states by: 
          
  
  
                   
Eq. (2.4) 
 
 
Vsample and Vtip are the potential for the sample and the tip respectively. The 
space containing the STM is divided into three regions: the barrier region, the 
sample region, and the tip region. 
 
Vsample is defined as: 
 
          {
                                                      
                               
 
 
And Vtip as: 
 
       {
                                                   
                                  
 
 
The boundaries between the barrier region and the tip and sample regions are 
drawn arbitrarily and it is necessary to divide the space between the tip and the 
sample regions.  
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The tunneling current is the result of the electron transfer between the tip and 
the sample. At that point, the assumptions that and the tip and sample states 
are occupied by electrons are required to compute the current. The density of 
states (DOS) in the tip and the sample are given by ρtip(E) and ρsample(E) and  
occupations are determined by Fermi Dirac statistics: 
 
        
 
 
  
 
     
 Eq. (2.5) 
µ is the chemical potential 
T is the temperature 
E is the energy 
kB is the Boltzmann constant 
 
The tunnel current can be written as a sum of all possible processes, 
considering that the electrons can tunnel out from occupied tip states to 
unoccupied sample states and from occupied sample states to unoccupied tip 
states: 
 
  
   
 
∑{           (                )
 
 (             )              }          
      
Eq. (2.6) 
 
To obtain the above equation we have used the Fermi’s golden rule24, where 
the rate of tunneling from an occupied sample state (         into a tip state is 
shown as 
 
  
 
                      
           Eq. (2.7) 
 
Assuming that the occupation statistics of the tip are those of Fermi-Dirac 
equilibrium at temperature T (B and C assumptions). M2 is the square amplitude 
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of the scattering matrix element which connects the sample and the tip states 
(|⟨ |         | ⟩|
 
) 
 
In the particular case for the current at low temperature (T=0), the Fermi-Dirac 
function becomes a Heaviside function: 
 
       {
        
        
 
 
And the above tunnel current formula Eq. (2.6) is summarized in: 
 
     
   
 
 ∑          
     
           
 Eq. (2.8) 
where µa = min {µsample,µtip} and µb = max {µsample,µtip}; ± depends if µtip   µsample 
or vice versa. 
 
The current Eq. (2.8) can be approximated by an integral where T(ɛ) 
corresponds to the average value of        over all states of the sample for an 
energy En ranged in a small interval centered at ɛ: 
 
     
   
 
∫                        
  
  
 Eq. (2.9) 
 
This Eq. (2.9) can be further simplified for the low bias case, because if µsample 
and µtip are close, the          and            are practically constants in the 
integral range, and the formula is reduced to: 
 
    
   
 
                             Eq. (2.10) 
and 
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∑       
            
 Eq. (2.11) 
µ is any number between    and    
 
So, if we substitute T(µ) Eq. (2.11) into the last current formula Eq. (2.10), we 
obtain, 
 
    
   
 
       ∑  
     
            
 Eq. (2.12) 
 
At the time Bardeen published his theory, he did not have in mind the STM 
since it only would be invented twenty years later. The formulas above have 
been taken from the nice review by Alex Goettlieb and Lisa Wesoloski24. 
 
An important point is about the Scattering Matrix elements determination 
(      ) because Eq. (2.12) depends on the matrix elements. Moreover, these 
matrix elements will also appear in the next alternative approach of Tersoff-
Hamman. In Eq. (2.7) we have 
 
       |⟨ |         | ⟩|
 
 Eq. (2.13) 
where, 
⟨  |         |  ⟩  ∫                      ̅̅ ̅̅ ̅̅ ̅        Eq. (2.14) 
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From Eq. (2.13), if we approximate the volume integral by a flux through a 
surface of separation in the barrier region, a more symmetric Bardeen’s 
expression will be obtained below Eq. (2.17).  
 
Considering any smooth surface in the barrier region, the operator H-Htip and H-
Hsample are zero on the tip side of the separation surface and on the sample side 
of the surface respectively. So, in the tip region, the operator H-Hsample is 
evaluated as Eq. (2.14) and H-Htip as  
 
⟨  |      |  ⟩    Eq. (2.15) 
 
Developing those two expressions (Eq. (2.14) and Eq. (2.15)) we can obtain24, 
 
⟨  |         |  ⟩
 ∫     ̅̅ ̅̅ ̅̅ ̅ ( 
  
  
              )  
 
 ∫     ( 
  
  
      ̅̅ ̅̅ ̅̅ ̅         ̅̅ ̅̅ ̅̅ ̅)   
 
  
Eq. (2.16) 
 
Remaining the Fermi’s Golden Rule where we only consider the elements with 
ɛn ≈ Ej, the matrix elements can be written through the Divergence Theorem as 
 
⟨  |         |  ⟩    
  
  
∫[     ̅̅ ̅̅ ̅̅ ̅̅                    ̅̅ ̅̅ ̅̅ ̅̅ ]  
  
 Eq. (2.17) 
n is the normal vector to the surface dT, oriented external from T, and the 
integral is over any surface lying entirely within the barrier separating the two 
sides. This barrier will be the vacuum region between the tip and the sample. 
2. Methods 
STM 
 
 
  23
 
ii. Tersoff-Hamman approximation 
 
Twenty-two years after Bardeen’s formalism was published, J. Tersoff and D.R. 
Hamman applied those results to the STM23. First, they assumed the tip wave 
functions had to be radially symmetric. Using this approximation they deduced 
that the tunneling current is directly proportional to the sample electron density 
at the center of the tip (Fig 2.4).  
 
 
Fig 2.4: Tersoff-Hamman approximation assumes the Bardeen’s results considering a 
spherically symmetric tip. 
 
The approximation draws from the Bardeen’s results Eq. (2.17). Considering a 
spherically symmetric tip, the tip states can be modeled as         
 
    
 
   
where r corresponds to the distance to the center of the tip,      
√  |  |
 
  and Aj 
is a constant. 
 
      satisfies the independent Schrödinger’s equation for r>R because the 
radially symmetric potential is Vtip(r)=0 for those r values. 
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Using Eq. (2.16) and approximating               only outside of the tip 
region, 
 
      ⟨  |         |  ⟩  ⟨    |         |  ⟩
    ̅ ∫     ( 
  
  
              )  
 
 
Eq. (2.18) 
 
C.J Chen21 showed that        has to satisfy at all points the equation: 
 
 
  
  
                
  
  
        
Eq. (2.19) 
 
If we subtract Eq. (2.19) from Eq. (2.18) 
 
      ⟨  |         |  ⟩     ̅
  
 
        Eq. (2.20) 
 
So, the formula for tunneling current at low bias and low temperature Eq. (2.12) 
can be summarized in 
 
    
   
 
       ∑  
     
            
  
   
 
       (
  
 
  )
 
  ∑ |     |
 
            
 (            )
   
  
                      
Eq. (2.21) 
with 
             
 
|            |
∑ |     |
 
            
 Eq. (2.22) 
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Obtaining Eq. (2.21) as the Tersoff-Hamann formula for the current and Eq. 
(2.22) as the local density of sample states per unit volume near the point r=0 
near the quasi-Fermi energy µ.  
 
From Eq. (2.21) and Eq. (2.22) we can deduce that the conductance at low bias 
and low temperature is directly proportional to the local density of sample states 
at the center of the tip in an STM, as we have advanced in the first paragraph of 
this part. 
 
2.1.2 Scanning Tunneling Microscope-Variable Temperature (STM-
VT) 
 
In this thesis, we have used an Omicron’s Scanning Tunneling Microscope of 
Variable Temperature (Fig 2.5). This Microscope operates in a range of 
temperature from 25K until 500K. In the process to cold down the system or to 
measure at low temperature we use Liquid Nitrogen or Liquid Helium. However, 
most experiments of this work have been realized at room temperature.  
 
 
Fig 2.5: a) Omicron’s STM-VT. The picture shows the STM used in this thesis; b) 
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Picture of the head of our STM. The sample, the scanners and the tip are indicated on 
it. 
 
 
2.2 Tip preparation 
 
An ideal tip to be used in STM would terminate in only one atom at the edge. In 
practice, this is very difficult to obtain. However, it is important since it 
influences the resolution of images. With this goal in mind we have used two 
different kinds of tips: (1) homemade tungsten tips and (2) Kolibri sensors 
(commercial tips of SPECS).  
 
2.2.1 Tungsten tips 
 
The set up to make this type of tips is shown in Fig 2.6a. It is based on the 
electrochemical etching of a tungsten wire. With this purpose, a tungsten wire is 
introduced in a metallic ring covered with a droplet of KOH solution. The droplet 
is made by introducing the ring into a 2.5M KOH so that the solution remains on 
the hoop. A voltage has been applied between the ring and the tungsten wire 
until obtain an emission current between 15-40 mA. The K+ ions from the KOH 
membrane react with the tungsten in such a way that they etch the wire. This 
process takes places only at the part of the wire in contact with the droplet 
thinning the wire until it forms a sharp tip. Then the wire is carefully cut by the 
other end and introduced into an Omicron’s tip-holder (Fig 2.6b). 
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Fig 2.6: a) Image of the set up to make tungsten tips. The W wire will be introduced into 
the KOH membrane to realize the described process above; b) Picture of a tungsten tip 
into an Omicron’s tip holder. 
 
2.2.2 Kolibri sensors 
 
Kolibri sensors are commercial SPECS tips based in a quartz sensor used for 
non-contact AFM (Fig 2.7). These sensors are based on a symmetrical length 
extension resonator with a very thin metallic tip with a weight of about 1µg 
meant to do not disturb the symmetry of the quartz oscillator. We have worked 
to adapt these tips to the STM-VT, connecting them with the Omicron’s tip 
holders. 
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Fig 2.7: These two images have been obtained from the specs website. a) External 
appearance of a Kolibri sensor. The metallic tip is so small and it is very difficult to 
observe; b) Schematic representation of the Kolibri’s internal structure. The oscillating 
quartz rod is in charge to move the metallic tip. The sputter shield protects the internal 
structure of we use Ar+ sputtering to make better the tip. 
 
 
2.3 Low-energy electron diffraction (LEED) 
 
Low-energy electron diffraction is a useful technique for the determination of the 
surface structure (Fig 2.8). This technique allows the structural determination of 
the surface by bombardment with a collimated beam of low energy electrons 
from 20 eV to 500 eV. The diffracted electrons are collected on a fluorescent 
screen forming a pattern which is a reciprocal image of the atomic structure of 
the surface. 
 
The LEED system is formed by an electron gun, a hemispherical fluorescent 
screen, which is positively biased with +6 kV and a series of grids towards the 
screen. The grids are used to slow down the inelastically scattered electrons.  
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The electron gun emits electrons by a cathode filament which is at a negative 
potential while the sample is grounded. The electrons are accelerated and 
focused into a beam and, some of them are backscattered elastically by the 
surface. A good quality diffraction pattern is detected if the surface is atomically 
ordered and clean. The image on the screen corresponds to the reciprocal 
space map of the structure of the surface.  
 
 
Fig 2.8: a) The LEED apparatus. It is possible to observe the screen where the spots 
appear forming the reciprocal space map, and the electron gun which emits the 
electrons. b) Schematic representation of the LEED system. The sample needs to be 
grounded. The electron emitting the electrons is located in front of the sample. The 
scattered electrons are filtered by the grids and are detected in the screen showing the 
formed LEED pattern. 
2.3.1 LEED patterns: Interpretation 
 
In the LEED technique, the pattern observed on the screen corresponds to the 
reciprocal lattice of the surface. The incident electron energy let to control the 
number of diffraction spots and additionally, the size of the Ewald’s sphere.  The 
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real space lattice can be obtained from the reciprocal lattice and the surface can 
be characterized qualitatively, for example, the periodicity. In the Fig 2.9, the 
periodicity of the Cu(110) surface is observed, in such a way, we can deduce 
the structure of the substrate surface is rectangular. As the LEED pattern 
corresponds to the reciprocal lattice, the distance between the spots is related 
to the inverse distance in the real lattice. Comparing the LEED pattern with the 
corresponding model in the corner, we can deduce these relations. 
 
 
Fig 2.9: LEED pattern of the Cu (110) surface at 108eV. In the corner, a representation 
of the Cu(110) unit cell with the a and b distances marked. 
 
2.4 Auger Electron Spectroscopy (AES) 
 
The LEED optics can be used like an Auger electron spectroscopy system. We 
use this technique to determine if the sample is clean enough. Moreover, we 
can check after a deposition if we have specific type of atoms on our surface. 
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For example, the first time we sublimated Cu4Cl4 (see section 2.9), we tested if 
the AES spectrum showed peaks in the chlorine, sulfur, carbon and nitrogen 
areas to make sure that the sublimation had been successfully.  
 
This technique is based on the Auger effect. The Auger effect consists on an 
electronic process resulting from electron transitions in an excited atom. The 
process is illustrated for a Nitrogen atom with three energy levels (1s 2s 2p) in 
Fig 2.10.  The atoms on the surface are excited by the beam of electrons with 
energy in a range from 0.2keV until 50keV. 1s level electrons from these atoms 
are removed leaving 1s level holes which can be filled by 2s level electrons. In 
this process, the electrons moved to lower energy level and lose energy. That 
energy is in correspondence with the orbital energies difference and is imparted 
to 2p level electrons. These electrons are emitted. Considering that orbital 
energies are specific and characteristic of every element, if we collect the 
emitted electrons with an electron detector we can obtain information about the 
chemical composition of the surface. 
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Fig 2.10: Auger effect summarized in three steps. First, Nitrogen atom structure used 
this explanation. Second, an incident electron from the beam of electrons collides with 
a 1s electron. The red and black arrows show the incident and 1s electron trajectories 
respectively. The white circle marks the hole resulted. Third, a 2s electron fill the 1s 
hole, the transitions energy resulted from this causes the emission of a 2p electron. 
 
2.4.1 Electron Energy Loss Spectroscopy (EELS) 
 
Electron energy loss spectroscopy consists on the exposure of a sample to a 
beam of electrons (such as in LEED or in AES) to obtain the spectrum of energy 
loss of the electrons scattered inelastically with respect to the intensity. 
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This spectrum contains information about the physical properties of the 
material. So, the amount of energy loss can be interpreted in the way of what 
caused it, for example, inelastic interaction, Plasmon-excitations, inter- and 
intra-band transitions… 
 
Using AES technique, we obtain the elastic peak in the excitation energy value. 
This means that all the electrons are emitted elastically at this energy value. In 
other words, this peak corresponds to the zero loss scattering.  For that reason 
we have used AES like EELS with particular attention to the region near the 
elastic peak (Fig 2.11).  
 
 
Fig 2.11: An AES spectra used as EELS plot. The zero loss peak corresponds to the 
elastic peak at 235eV. In the picture appears two loss peaks as consequence of the 
inelastic scattering of the electrons. 
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2.5 Quadrupole Mass Spectrometer (QMS) 
 
The QMS is a powerful tool to obtain the mass to charge ratio so we can 
monitor our experiments.  The most common use is as a residual gas analyzer 
(RGA) that let us knows, for example, sublimating molecules and to monitor 
deposition or sample's cleaning process. 
 
The Quadrupole Mass spectrometer consists of a mass analyzer formed by four 
parallel cylindrical rods enquired to filter the environment ions into the ultra-high 
vacuum chamber by their mass respect their charge ratio (m/Z). An RF 
oscillating electric field is applied to the rods separating the ions as a function of 
the stability of the ions trajectories. This ionization is translated as a mass 
spectrum formed by a plot of the mass with respect to the ion current (Fig 
2.12b) or different masses are represented in a plot of the time with respect to 
the ion current (Fig 2.12a), letting us determine the mass of the particles, ions 
or molecules in the chamber. 
 
In Fig 2.12a is possible to observe the masses involved in a cycle of cleaning of 
a metallic surface. The Ar+ sputtering is performed from 17:37h to 17:48h. In 
these 11 minutes the main masses are 40 a.m.u. and 20 a.m.u, both related 
with the Argon atom; the follow higher masses are 36, 28, 2, 18, 44 a.m.u., all of 
them are related with compounds of carbon, molecular nitrogen, hydrogen, 
water molecule or carbon dioxide, and they are the common masses observed 
into the chamber. Then, the annealing process is observed between 17:49 to 
17:59h. The desorption shows a peak of argon (40 and 20 a. m. u.) with the 
maximum at 17:52h. The 28 a.m.u. (corresponding to CO) describes the same 
behavior than argon. 
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In other hand, in Fig 2.12b, we can to see the amount of each mass between 0 
to 50 a.m.u. at logarithmic scale. Our QMS let us extend the range until 200 
a.m.u. 
 
 
Fig 2.12: a) Example of the ion current plot respect of a period of time. This plot is 
useful to observe the fluctuations of selected masses along the time. The masses are 
represented with different colors according with the color legend at the right side. In 
that case, it is possible to observe the masses during a Ar+ sputtering (from 17:37 to 
17:48h) and an annealing (from 17:49 to 17:59h); b) Example of a sacn barrier form the 
0 to 51 u.m.a. The amount of the elements or compounds into the chamber is related 
with the height. In this case, the scan is in logarithmic scale, so the height can confuse. 
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2.6 Surface preparation 
 
The surface preparation should be divided in two parts in accordance with the 
type of sample nature, i. e. metallic and insulating samples.  Along this work we 
have used different substrates: on one side we have used copper, gold and 
platinum single crystals as metallic samples, on the other side we have worked 
with diamond as insulating samples. The preparation of the two groups of 
samples is very different, most especially for the diamond particularities. 
 
2.6.1 Metallic samples 
 
The procedure with the metallic samples consists of cycles of Ar+ sputtering and 
annealing. The Ar+ sputtering is realized at different energies, varying from 
1,5KV until 0,6KV (usually we start from the highest value and we finish at the 
lowest) during 10 min. The annealing temperature is different in every substrate, 
the most common values we use are: copper at 773-823K , gold at 873-923K, 
platinum at 1173-1223K. The annealing in needed to achieve a good pressure 
(lower than 5·10-9mbar) to maintain the sample as clean as possible.  
 
The cleaning of the samples is monitored with the QMS: we check that the Ar 
gas is clean from the gas cylinder before the sputtering starts, and the Ar 
desorption from the sample surface during annealing. The annealing can vary 
from 10-30 min depending when the Ar peak decreases on the mass spectrum. 
The cycles are repeated until we observe sharp spots with the LEED technique 
and the lack of the peaks related with contamination in the AES spectra 
(carbon, sulfur or chlorine peaks). 
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Occasionally, we perform an annealing of the Platinum single-crystal in an 
oxygen environment into the chamber (P≈1·10-7mbar) to remove the 
contamination from the carbon on the surface. In this process, the oxygen 
reacts with the carbon forming CO and CO2 gasses which are pumped away. 
This process is needed because Platinum is a very hard crystal which needs 
higher sputtering energies and temperatures to clean than other substrates. 
 
2.6.2 Insulating samples 
 
The preparation of the diamond surface has some disadvantages:  i) We cannot 
use Ar+ sputtering to prepare the surface because the collision of Ar+ ions form 
holes and the surrounded regions to them graphitized; ii) The annealing of the 
diamond in an oxygen environment is not adequate because the diamond is 
formed by carbon atoms which react with the oxygen destroying the surface. 
Thus, establishing a method of surface preparation involves considerable time 
and effort.  
 
So after several attempts using a homemade Hydrogen cracker (we mounted in 
our chamber) without success because we don’t obtain LEED patterns from the 
single-crystals, we got a protocol to use outside the ultra-high vacuum chamber. 
 
This protocol starts by introducing the diamond in a mix of sulfuric acid with 
potassium nitrate held at boiling point.  Ten minutes later, we put the sample 
into an ultrasonic wash of deionized water and then, another wash of acetone. 
After that, we flush the sample with methanol and isopropanol and blow with 
nitrogen gas. At this point we can introduce the diamond into the chamber. In 
good pressure conditions, we have to degas the substrate at 1000°C. The 
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pressure increases very much and the annealing has to be maintained until 
≈5·10-9mbar. 
 
2.7 Raman spectroscopy 
 
Raman spectroscopy consists of the illumination of a sample with a laser beam. 
When the photons are scattered, most of them are elastically scattered 
(Rayleigh scattering) with the same energy as the incident photons. A small part 
of them are scattered by an excitation with a different frequency used to be 
lower than the incident ones. This inelastic scattering is the Raman Effect. It is 
based on the incident photons generating an oscillating polarization in the 
molecules of the sample. This polarization can link to other polarizations of the 
molecules as vibrational or electronic excitations. If the polarization doesn’t 
couple to other polarizations, the vibrational state of the molecules does not 
change and the scattered photon ends with the same energy achieved an 
elastic scattering, however, if the polarization matches to a vibrational state with 
higher energy, the started and the scattered photons differ in an amount of 
energy forming the Raman Effect. This amount is the energy required to excite 
a molecule to a higher vibrational mode. Thus, the Raman spectroscopy let us 
observe the molecular vibrations trough the inelastic scattering process.  The 
electromagnetic radiation is collected through a monochromator and the elastic 
scattered radiation is filtered out while the inelastic photons are dispersed onto 
a detector. This part of the collected light provides a fingerprint (Fig 2.13) of the 
molecules. 
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Fig 2.13: Example of a Raman spectrum of graphene. It has been extracted from 
http://www.sciencefacts.net/raman-spectroscopy.html. There, it is possible to observe 
the characteristics peaks related to Graphene (D, G and 2D).  
 
2.8 Molecular beam epitaxial growth 
 
In the main body of this work is dedicated to the synthesis of graphene on 
different substrates by MBE using a homemade molecular beam epitaxial 
carbon source.  MBE is a technique to grow films epitaxially (it is referred to the 
deposition of a crystalline overlayer) in an ultra-high vacuum environment in 
such a way with the absence of carrier gases 
 
2. Methods 
MBE 
 
 40  
 
An advantage of this method is that it eliminates the process of transferring the 
graphene from the metal or bulk graphite to the substrate on which the 
graphene will ultimately be used. Molecular beam epitaxy (MBE) is a well-
known and widely used technique for the production of high quality and 
homogeneous wafer-scale epitaxial layers. It is highly reproducible with atomic 
layer control of thickness and composition. These properties make MBE an 
attractive growth method for graphene films. There have been only a few 
experimental attempts to grow the graphene by the evaporation of carbon. We 
also show that thickness, structure, and electronic properties can be controlled 
by carbon flux, the types of carbon source, and substrate temperature. 
 
In a solid source as our case, the element to be evaporated is heated until the 
atoms begin to sublimate. The term “beam” refeers to the fact that sublimated 
atoms don’t interact with other gases or with each other until the deposition on 
the sample. 
 
2.8.1 Graphene growth 
 
We achieved the graphene growth with a homemade molecular beam epitaxy 
solid carbon source (Fig 2.14). It consists of two tantalum bars connected 
through a glassy carbon filament. By passing a DC current of 14A (7.9V, 110W) 
through the filament, it reaches 2273 K obtaining the needed conditions for the 
evaporation to take place. The filament temperature is measured with a two-
color optical pyrometer IRCON MODLINE 5, series 5R, model 5R-3015-0-0-0-
2B and the emissivity used was 1.00 (the emissivity of a back body).  
 
Once we have obtained the filament temperature necessary for graphene 
growth at a pressure lower pressure than 1 × 10-8 mbar, the substrate is placed 
in front of the filament with a distance of 20mm. Graphene growth takes place 
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for 30 min to cover a half of a monolayer. After deposition, the substrate is 
annealed. The temperature annealing depends of the substrate; in this thesis 
we have used platinum (T = 923 K), gold (T = 823 K) and diamond (T= 1473 K). 
The deposition rate of carbon depends on the DC current. The calibration 
methods will be discussed next. 
 
 
Fig 2.14: Appearance of the Homemade MBE solid carbon source. 
 
 
2.9 Molecular deposition 
 
One part of this dissertation is the deposition of organic molecules on Copper 
(Cu(110)). The sublimation was performed in ultra-high vacuum environment 
from a home-made Tantalum crucible filled by powder molecules (Fig 2.15a). 
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By passing a current through the envelope, the molecules are heated and 
sublimated. The base pressure of the chamber was 10-10mbar but during 
deposition it increased up to 7∙10-10mbar. The sublimation temperature was 
controlled with a K-type thermocouple spot-welded to the envelope base. 
 
The crucible was degassed until the pressure was lower than 1×10-9 mbar at a 
temperature below the deposition temperature (370 K) to desorb the water 
molecules and the contamination. The molecules used in this work are [Cu4(μ3-
Cl)4(μ-pymS2)4] (named Cu4Cl4), synthetized by the Felix Zamora’s group in the 
Universidad Autónoma de Madrid (Fig 2.15b). The molecules sublimation’s rate 
is 0,017 monolayer/min at 370 K. This estimation was performed using the STM 
images. 
 
 
Fig 2.15: a) Picture of a homemade Tantalum crucible used to the molecules 
evaporation. The crucible shows a circular opening that lets the evaporated material to 
flow out. This particular picture shows the crucible lid open, during refilling the Ta 
pocket with more material; b) Representation of [Cu4(μ3-Cl)4(μ-pymS2)4] structure. 
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2.10 Density Functional Theory (DFT) 
 
Theoretical simulations have been performed using DFT. It is a common 
computational and versatile method used in material science, physics and 
chemistry. It is commonly used for calculations in solid-state physics but it has 
some limitation to describe intermolecular interactions like van der Waals forces 
due to the approximations made for exchange and correlations interactions. 
However, in our case, this method can provide us a reasonable access to the 
properties of different systems of interest. 
 
DFT is supported by the Hohenberg-Kohn theorems25 although its basis departs 
from the Thomas-Fermi model. The H-K theorems tell us that: i) For two 
systems of electrons that have the same ground-state density, if one feels a 
potential v1(r) and the other a different one v2(r), it is necessarily v1(r) - v2(r) = 
constant; ii) A density functional F[n] exists such that the total energy of a 
system can be written as      [ ]   [ ]  ∫          
  , in such a way that 
the minimal value of E(v,N)[n] is the ground state energy of this system for N 
electrons (so it is a positive integer value) and potential v(r). 
 
These theorems apply only for non-degenerate ground states in the absence of 
a magnetic field; consequently they needed to be generalized to include these 
cases. For example, the first theorem determines that the ground-state 
properties of a system of electrons are determined by an electron density; this 
one is extended to the time-dependent domain that is needed to describe 
excited states resulting in time-dependent density functional theory (TDDFT).  
 
With that in mind, the many-body problem of interacting electrons in a static 
external potential can be reduced to a problem of non-interacting electrons 
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moving in an effective potential which includes the external potential and the 
effects of the Coulomb interactions between the electrons (the exchange and 
correlation interactions). The simplest approximation to model the exchange 
and the correlation interactions is the local-density approximation (LDA) 
functional where exchange and correlation is computed using the local value of 
the electronic density at a given point alone. The exchange and correlation 
energy to be used is obtained for a uniform electron gas with a given density. 
LDA has the tendency to over-estimate the exchange-correlation energy, so it is 
common to expand the energy using gradients of the density to correct this 
tendency, an approximation that is known under the name of generalized 
gradient approximations (GGA). These are the two functional used in this work. 
 
We have optimized the geometry of different systems to obtain the correct 
electronic structure by solving the Schrödinger equation  
 
 ̂   [ ̂    ̂   ̂]     
Eq. 
(2.23) 
where  ̂ is the Hamiltonian,   is the total Energy,  ̂ is the kinetic energy,  ̂ is 
the potential energy from the external field and  ̂  is the electron-electron 
interaction energy. 
 
As the Schrödinger equation cannot be solved exactly for a many-body system 
(the many-particle equation cannot be separable into single-particle equations 
because of the  ̂ interaction term), the DFT provides an appealing alternative 
because tell us how to map the many-body problem to a one-body problem with 
the same particle density n(r). 
 
 
 
2. Methods 
DFT 
 
 
  45
 
2.10.1 LDA and GGA 
  
Therefore, Local-density approximations (LDA)26 and Generalized Gradient 
Approximations (GGA) 27 are used to obtain the electronic. We have used these 
approximations incorporated into CASTEP simulation package 28,29. We briefly 
sketch a few important features regarding both approximations: 
 
i. Local-density approximation (LDA) 
 
LDA is the simplest approximation to model the exchange-correlation (XC) 
energy functional in DFT and it only depends on the value of the electronic 
density at each point in space. This approximation has been derived from the 
homogeneous electron gas model. 
 
Generally, the local-density approximation for the exchange-correlation energy 
is written as 
 
   
       ∫            
   Eq. (2.24) 
where n(r) is the particle density and ɛXC(n) is the exchange-correlation energy 
per particle. The functional depends only on the density at the coordinate where 
the function is evaluated. 
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ii. Generalized gradient approximation (GGA) 
 
GGA is another functional which corrects the xc-energy by using the gradient of 
the density. In such a way, within this approximation, the molecular geometries 
and the ground-states energies obtained are usually more adequate.  
 
The Generalized Gradient approximation for the exchange-correlation energy is 
written as 
 
   
           ∫    (       ⃗    ⃗  )     
   Eq. (2.25) 
where     (       ⃗    ⃗  )  is the exchange-correlation energy density and 
includes the spin density and the gradient of the spin density. This 
approximation is a variation of the Local Spin Density approximation (LSD) 
which corresponds with the incorporation of the spins to LDA. 
 
However, the    
       and    
           (corresponding exchange-correlation 
energy density to LSD approximation) are well established to difference of 
   (       ⃗    ⃗  ). For that reason, there are different derivations of GGA to 
parameterize that term as an analytic function. More precisely, in our work we 
have used Perdew-Burke-Ernzerhof (PBE) GGA30,31. 
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3.1 Introduction 
 
Preparation methods of graphene are various: mechanical exfoliation of 
graphite5,7, chemical reduction of graphene oxide (RGO)32,33, Chemical Vapor 
Deposition (CVD)34,35 or carbon segregation from volume36, among others. 
Moreover, other innovative techniques have appeared as the case of the use of 
a mixer to obtain graphene in large quantities from a non-expensive mechanical 
method37. Some of them have clear advantages to others. For example, the 
CVD is easily up-scalable for industrial applications and the RGO method is 
adequate for wet chemistry techniques. However, these methods show some 
limitations too. For example, focusing on CVD, the graphene synthesis by 
decomposition of organic precursors depends on the catalytic properties of 
metallic substrates because they play a fundamental role during cracking 
processes of C–H bonds. Thus, a method with the possibility of growing 
graphene in a high-quality large-area and with a transfer-free process 
represents a significant advance in research. 
 
That objective has inspired the use of a Molecular Beam Epitaxy (MBE) method 
to synthesize graphene on a surface. It allows in-situ characterization with 
surface science techniques as LEED, RHEED, STM, XPS in a highly 
controllable growth environment (growth rate, substrate type, substrate 
temperature, chamber pressure) that greatly help to understand the formation 
mechanisms of graphene38,39.  . 
 
Moreover, this methodology requires lower substrate annealing temperature 
than other reported methods40–43. For example, low-temperature MBE growth of 
Graphene on Copper has been reported by Meng Yu-Ling et al.44 Their work 
shows atomic-resolution STM images of graphene on Copper between RT to 
573K, demonstrating the capacity of this method to form graphene at low 
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temperatures. Despite that, the direct deposition of carbon atoms on a substrate 
using an MBE has rarely been reported10,11,44–47. 
 
Up to date, most articles report methods for synthesizing graphene using high 
temperatures of the substrates. Some of them employ a method similar to ours, 
using an electron beam evaporator, or a resistively-heated piece of graphite42,43. 
In these cases, the substrate has needed a temperature of 1223K. The use of 
these temperatures avoids it to be compatible with other processing techniques 
because the substrate temperature used is high. For example, the graphene 
made by decomposition of irradiated ethylene is formed annealing the substrate 
up to 1223K40. That temperature is close to the roughening transition 
temperature of the gold substrate used. Typically the roughening transition 
takes place at 0.75 times the bulk melting temperature. So for a gold single-
crystal, where the melting temperature is 1337K, forming graphene by this 
method can easily produce a deterioration of the substrate. Another example is 
the decomposition of polycyclic aromatic precursors on platinum, which needs a 
temperature of 1000K in order to get graphene formation41. In contrast, the 
growth of graphene with our method requires a temperature around 823K for 
gold and 923K for platinum. This is a significant reduction in temperature. 
 
Along with this dissertation, we prove the efficiency of growing graphene by 
using a MBE carbon source on various substrates with two main advantages 
added: a) to synthesize graphene on an insulating substrate independently of its 
catalytic properties; and b) the substrate temperature needed to grow graphene 
is significantly reduced. 
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3.2 MBE carbon solid-source assembly 
 
The carbon solid-source48 consists of a glassy carbon filament connected by 
two refractory metal bars (Tantalum in our case) to a DC source. The glassy 
carbon is a pure carbon material made of randomly oriented fragments of 
carbon planes as broken fullerenes49. This material has interesting properties as 
low oxidation rates, high chemical inertness and a resistivity 10 times bigger 
than graphite. This last property let us flow moderate electrical current50 and 
makes it an ideal option for constructing heating elements51. Moreover, it is 
simple and easy to install in a UHV system, and the contamination drawback 
problems are reduced. 
 
The main elements needed to mount it appear in Fig 3.1. The filament 
appearance has been cut from a glassy-carbon sheet of 0.3 nm by laser or 
water-jet cutting, so the shape and efficiency can vary. 
 
 
Fig 3.1: The different elements used in the carbon source assembly appear in the 
picture. All the elements used are made of refractory materials. The glassy carbon 
filament, molybdenum screws, molybdenum washers and graphite separators.  
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After assembly, the carbon source had an appearance as Fig 3.2. There, it is 
possible to identify the elements of Fig 3.1 in Fig 3.2a. The thermocouple was 
fixed to a tantalum bar, so the temperature is measured far from the filament. 
The carbon source length (from DN40CF flange to glassy carbon filament) is 
300 mm. The long length allows for being close to the sample during 
sublimation. In our case, the separation between the sample and the filament is 
20 mm.  This is illustrated in Fig 3.3. We have used three fixing clamps to give 
mechanical stability to the evaporator (Fig 3.2b). We have used fiberglass in 
order to electrically isolate the clamps from the copper leads. The clamp (and its 
screw) closer to the carbon source is fabricated in tantalum to avoid degassing. 
The two others are made of stainless steel. We have used two consecutive 
edge-welded bellows with a total effective traveling length of 300 mm. 
 
 
Fig 3.2: a) Image of the solid carbon source. The labels identify different components 
of it; b) The picture shows the whole source. It lets give an idea of the size. 
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The solid carbon source is a simple method to install in a UHV chamber not 
requiring any water cooling for filament working temperatures of 2273ºK. This is 
possible thanks to an approximately 10 time higher resistivity of glassy carbon 
vs. graphite. For example, commercially available carbon sources (SUKO cell 
from MBE-Komponenten) use currents in the 100-200A requiring complex 
vacuum and cooling system. 
 
 
Fig 3.3: Scheme of the solid carbon source. There, it is possible to observe the head 
of the source at a distance of 20 mm from the sample holder with the shape of 
Omicron. Between them, an arrow indicates the direction traveled by carbon, from the 
filament to the sample.  
 
  
3.3 Calibration and characterization of operating 
parameters. 
 
Once the system is mounted into the ultra-high vacuum chamber, we have to 
perform a calibration to establish the parameters of the growth of graphene. The 
choice of parameters to the growth is an important issue, because they affect to 
the growth rate and the compounds sublimated from the filament (the glassy 
carbon filament is a mix of randomly oriented fragments of carbon compounds). 
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So first, we need to know what temperature is related to the current which we 
supply to the carbon filament. Then, it is important to determine the growth rate 
and which compounds are the main sublimated substances at various 
temperatures of the filament. The type of sublimated substances can affect to 
the quality of the graphene growth, in a way that a graphene growth by the 
sublimation of compounds with one or two carbon atoms can have less 
impurities than a graphene obtained from substances of three or four carbon 
atoms. Using a QMS we can study what species are sublimated at various 
temperatures. However, the sublimation of them depends on the specific latent 
heat, because that parameter determines the facility for a substance to be 
sublimated. Thus, to obtain a good characterization of our method and to know 
the conditions of our growth, we have done the curve of calibration current vs. 
temperature, the deposition rate vs. temperature and we have analyzed with the 
QMS the sublimation of different masses (a.m.u.) in a range of temperatures 
between 2200 to 2550 K approx.. Finally, we have calculated the specific latent 
heat (L) for sublimated main masses (a.m.u.).  
 
We have calibrated the temperature of the filament vs. DC in two different 
systems (Fig 3.4). On one hand, we have measured the temperature of the 
carbon filament with a single color optical pyrometer (the adjusted emissivity 
value was 1.0, corresponding to the emissivity of a black body) in the Cyclope 
chamber in the ESISNA lab (ICMM). This calibration was done to the carbon 
source used in this thesis, and the range of current used is 5.5 A to 15.5 A 
(black squares). On the other hand, a calibration curve of current vs. 
temperature was performed in the MBE lab (IMM) using a dual-color optical 
pyrometer and a similar carbon source (the carbon source was assembled with 
the same characteristics as the Cyclope one). Here, the curve was performed in 
a current range between 8.0 A and 16.5 A (white squares). 
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A two-color pyrometer measures the radiation using two different wavelengths. 
Then, it calculates the ratio from the signals, and finally determines the 
temperature. When forming the ratio, the emissivity is eliminated as part of the 
calculations; in other words the temperature measurement becomes 
independent of the emissivity of the object. The wavelengths are close together 
in order to equalize, as much as possible, emissivity (for example 0.95 µm and 
1.05 µm). The output signal will not change when the object does not fully cover 
the spot size, or when the UHV window becomes slightly covered with carbon, 
providing they occur equally in both wavelengths. If the emissivity is different at 
the two wavelengths, then it is possible by setting the ε-slope to give an input to 
the instrument of the ratio of the emissivity at the two wavelengths. 
 
In Fig 3.4, it is possible to observe a difference between the temperatures for 
the same current range. The difference between them is 115 K on average. For 
example, at 14 A (the current used in the sublimations for growth graphene), the 
temperature for the infrared pyrometer is lower than 2273K (it is 2203K), and 
the temperature for the dual-color pyrometer is 2289K. However, considering 
that both curves were performed in two different systems, and using two 
different pyrometers, we can conclude that the temperature difference is not 
high. 
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Fig 3.4: Calibration of the temperature vs. DC in two different labs. The ICMM 
pyrometer (black squares) corresponds to a one-color pyrometer with the emissivity 
adjusted to 1.0 (black body), and took the temperatures between 5.5 A and 15.5 A. 
The IMM pyrometer (white squares) corresponds to a dual-color pyrometer and the 
current range varies from 8 A to 16.5 A.   
 
Before starting to growth graphene on a surface, it is needed to forming the 
carbon filament for working conditions. This process consists of a reshaping of 
the filament and the remove of material, and it requires heating the filament 
above the temperature of the working conditions. In Fig 3.5 we show a SEM 
(scanning electron microscopy) image of the filament before (a) and after (b) of 
the tuning forming. Both images were measured with the same parameters and 
correspond to the same scale (the parameters can be observed below each 
one). Fig 3.5a corresponds to the filament with the commercial appearance and 
it seems flat. However, Fig 3.5b shows an appearance completely different and 
very porous. This image is taken after the filament is annealed between 2600 K-
2800K.  
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Fig 3.5: SEM images of the glassy carbon filament before annealing a) and after 
annealing b). The surface of the filament seems flat before annealing and very porous 
after that.  
 
Another important point is to know the deposition rate at various temperatures. 
We have done a graph of deposition rate vs. temperature (Fig 3.7) with a mix of 
data obtained from the ESISNA and the MBE laboratories. These data is 
obtained in a different way, so it is necessary to explain them first.  
 
In the Cyclope chamber (ESISNA lab), we estimate the amount of material 
deposited on a surface using the STM images. A good estimation is easier to 
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realize when the material deposited on a surface is less of a monolayer. 
Comparing several images of different parts of the surface, we can obtain an 
average of the amount of deposition.  
 
However, the estimation of the deposition rate in the MBE lab is different. First, 
we have used a polished silicon wafer as a substrate. In the middle of the 
surface, we have put a reversed strip of silicon (the polished face against the 
surface) to act as a shadow mask. This is illustrated in Fig 3.6a. Then, we 
sublimate carbon material using the carbon source. Finally, we remove the 
mask and we use an AFM to estimate the height of the step between the part of 
the surface with sublimated material and the part covered by the mask (Fig 3.6. 
That height let us estimate the amount of material sublimated on the surface. 
 
 
Fig 3.6: a) Illustration of a silicon wafer with a shadow mask on it. The shadow mask is 
a reversed strip of silicon with the unpolished face up; b) AFM image of the step 
between the silicon surface with carbon material sublimated (clearer part) and the 
silicon part covered by the mask during sublimation (darker part). In that case, the 
height of the step is of 28 nm. 
 
These estimations let us obtain the Fig 3.7, where the point at lower 
temperature was obtained in the ESISNA lab and the two ones at the higher 
temperatures were performed in the MBE lab using the shadow mask. Trying to 
reproduce the same conditions in both laboratories, the sample was placed at 
20 mm from the filament of the carbon source during sublimation. In the graph, 
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it can be seen that there is a relationship, such that a higher temperature 
increases the deposition rate. 
 
 
Fig 3.7: Experimental values for the deposition rate of carbon at different temperatures. 
In the three cases, the sample was placed at 20 mm. The experimental values indicate 
a relationship between the deposition rate of carbon and the temperature. The 
deposition rate at lowest temperature was measured at ESISNA lab (ICMM-CSIC) and 
the other two points were measured at MBE lab (IMM-CSIC). 
 
In consideration of these calibrations, then, we have varied the DC from 18.5 A 
(2567K) to 13.5 A (2254K) staying in each one for 40 seconds approx. to 
observe the behavior in a residual gas analyzer (QMS). We have selected 
atomic equivalent masses (a. m. u.) that are multiples of the atomic mass of 
carbon: 12 (1C), 24 (2C), 36 (3C), 48 (4C) and 60 (5C) (Fig 3.8). In the Fig 3.8 
is plotted the partial pressure (ion current) of the selected masses respect to the 
time. We observe a stair-like behavior (Fig 3.8) in which each step correspond 
to a DC current value. The supplied DC in each moment to the carbon source is 
indicated on the figure. We can observe as the carbon source sublimates a 
stable rate of each carbon masses at different DC and, the higher masses have 
a lower sublimation rate. In such a way, the masses 48 and 60 are overlapped 
in the low part of the graph. This stair-like behavior is observed in several 
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masses related with carbon, even the masses 48 and 60 (it is possible observe 
in a zoom). On the other hand, the Fig 3.8 exhibits as the atomic mass of 
carbon is the mass with highest partial pressure in all DC range, followed by 24 
and 36. 
 
 
Fig 3.8: a) Comparison of the partial pressure of multiples of the atomic mass of 
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carbon. The 48 a.m.u. and the 60 a.m.u. are stacked near the relative time axe, so they 
are difficult to observe; b) The same graph of (a) at logarithmic scale. There, the 
behavior of the masses with lower partial pressure is easier to observe. To perform 
these graphs, the DC is varied in a range between 18.5 A to 13.5 A in steps of 0.5 A for 
40 seconds approx. The DC used in each step is indicated on the figure (a) because 
the steps are more accentuated. The masses show a behavior like a stair.  
 
After the general analysis of Fig 3.8, we have focused on the different 
sublimated masses at each temperature. With this objective, we have used a 
range between 2217 K (13 A) and 2540 K (18 A) and we have focused on the 
masses of pure carbon compounds from 1C (12) until 6C (72) (Fig 3.9). In the 
comparison between them, the mass of atomic carbon increases too much at 
higher temperatures in respect to the other masses. The mass related to two 
carbon atoms can be easily identifiable too. It increases, but less than atomic 
carbon. The other masses, however, are stacked in a low range of the ion 
current. For that reason, each one is plotted below separately keeping the 
markers. There, it is possible to observe that the bigger masses (60 or 72 
a.m.u.) show a partial pressure at a lower scale than the smaller ones (12 or 24 
a.m.u). This fact indicates that the compounds formed by more number of 
carbon atoms are harder of sublimate. 
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Fig 3.9: a) Partial pressure of various substances made of carbon atoms vs T are 
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showed at the left side. Below, every mass is plotted independently((b)-(g)). The 
markers are the same for every mass in both parties for better identification. The 
values of the masses in the legend correspond to a.m.u.   
 
For a better comparison, we sum the ion currents of these six species as the 
total of the evaporation, so we can establish the relative percentage of presence 
in respect of the other five of everyone at a specific temperature. Thus, we have 
realized the table of Table 3.1 using two different temperatures, 2289.5K and 
2540.4K. The first corresponds to a DC of 14 A, that is the temperature used for 
graphene growths, and the second is the higher temperature used in Fig 3.9. It 
corresponds to a DC of 18 A.  
 
At 14 A, the atomic carbon is the 77.5 % of the sublimated species with respect 
to the other carbon species, however, at 18 A, the rate proportion decreases to 
62.4 %, despite observing the higher level of sublimation in Fig 3.9a. 
Furthermore, two carbon atoms have an inverse behavior, this rate increases 
with the temperature. The other four species reduce their percentage, so at 14 
A, we are mainly sublimating monoatomic carbon, and at 18 A, two-thirds is 
monoatomic carbon, and one-third is two carbon atoms. 
 
Temperature [K] / 
Masses [a. m. u] 
12 24 36 48 60 72 
2289.5 77.51 % 14.56 % 6.26 % 1.12 % 0.33 % 0.22 % 
2540.4 62.40 % 32.10 % 4.60 % 0.65 % 0.22 % 0.03 % 
Table 3.1: Percentage of every mass made of carbon respect to the others at two 
different temperatures: the temperature used to growth graphene and the highest 
temperature used with this method. 
 
Apart from these masses, there are other ones very presents during 
sublimation. They can be collected in two groups: molecules with one carbon 
atoms and molecules with two. The molecules with one carbon are formed by a 
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carbon with hydrogen or oxygen atoms. That is the case of the masses: 13 
(CH), 14 (CH2), 15 (CH3), 16 (CH4), 28 (CO) and 44 (CO2). The 28 mass is 
particular because it can correspond to two different molecules: CO and C2H4 
so, it can be added to the two groups. Furthermore, it has one of the most 
intensity signals. In the group of two carbon atoms are selected the masses of 
25 (C2H), 26 (C2H2) and 28 (C2H4). Other compounds have not been collected 
because their signal was pretty low. However, some of them are gathered in the 
table (Table 3.4) at the end of this chapter, which their percentage of presence 
is showed with respect the whole of the signal obtained by the sum of all 
masses. The threshold used to be collected there has been to have at least a 
0.1% of presence at some temperature. 
 
In Fig 3.10 two graphs are showing the ion current signal of species with one 
carbon atom (Fig 3.10a) and two (Fig 3.10b). The main mass is 28 in both 
cases, but surely it has a contribution from two different compounds (CO and 
C2H4). Beyond this, in the first graph, the mass for atomic carbon is the one that 
increases the most, and the mass of CH4 (16 a.m.u.) keeps one of the highest 
levels of the signal during all sublimation and showing a different behavior than 
the other masses: it does not increase as the temperature does. In fact, the 
signal decreases at the highest temperatures. It is due because this a. m. u. (16 
a.m.u.) is the same for CH4 and atomic oxygen, so it has two different 
contributions (as the case of 28 a.m.u). Despite realizing the experiment in an 
ultra-high vacuum chamber, there are some masses usually remains (hydrogen, 
water, oxygen). At the experiment conditions (pressure and temperatures), the 
atomic oxygen contribution is higher than the quantity of sublimated CH4, so the 
corresponding curve has an entirely different appearance. 
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Fig 3.10: a) Partial pressure of different substances formed by one carbon (C = 12 
a.m.u.), one carbon atom combined with hydrogen atoms (CH = 13 a.m.u., CH2 = 14 
a.m.u., CH3 = 15a.m.u., CH4 = 16 a.m.u.), or one carbon with oxygen atoms (CO = 28 
a.m.u. and CO2 = 44 a.m.u.) at different temperatures; b) In this case the four 
compared masses are made of two carbon (C2 = 24 a.m.u.) or compounds formed by 
two carbon atoms and hydrogen atoms (C2H = 25 a.m.u., C2H2 = 26 a.m.u. and C2H4 = 
28 a.m.u.). The species formed only by one and two carbons are added respectively for 
a better comparison. In both cases, the values of the legend correspond to the masses 
in a.m.u. The mass of 28 a.m.u. appears in two graphs because it has the contribution 
of two different substances (CO and C2H4) 
 
In Fig 3.10b, all masses show the same behavior but a different scale. C2 has 
the lowest signal, so we are sublimating more quantity of another species as 
C2H and C2H2 than two carbon atoms (C2). 
 
To allow better comparison of the presence of the different compounds, Table 
3.2 collects the relative percentage of the masses of Fig 3.10 at two different 
temperatures: 2289.5K (the temperature used for growth of graphene) and 
2540.4K (the highest temperature we used). That percentage of presence is 
respect to the other masses of the group; it means we consider that the 100% is 
the sum of the ion current signal of the species in Fig 3.10a in one case, and in 
Fig 3.10b in the other. 
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In Table 3.2a at 2289.5K, the main mass is 16 (CH4) as we observe in Fig 
3.10a, and it has a different behavior than other masses, 28 is almost the 20%, 
and atomic carbon represents the 6% approx. However, at the higher 
temperature, the presence of CH4 decreases a lot indicating that the quantity of 
28 and 12 have risen much (because CH4 keeps a steady signal). Atomic 
carbon has duplicated the relative presence, and 28 mass is the 65%. CH 
increases in a lower scale, from the 2% until the 4% and 14, 15 and 44 show a 
relative presence more constant. The percentages decrease slightly, but they 
show in Fig 3.10a a behavior of rising. 
 
In Table 3.2b, 28 a.m.u. predominates at all temperatures, but it has almost a 
15% of relative presence less at 2540 K than at 2289 K, however, the 26 mass 
(C2H2) increases the percentage of relative presence at the highest 
temperature (it increases around a 12%). The other two masses (24 and 25) 
enhance their relative presence a little too. 
 
A: Species of one carbon atom 
Temperature [K] / 
Masses [a. m. u] 
12 13 14 15 16 28 44 
2289.5 
6.54 
% 
1.83 
% 
2.45 
% 
2.92 
% 
61.74 
% 
18.94 
% 
5.58 
% 
2540.4 
12.29 
% 
4.04 
% 
1.56 
% 
1.69 
% 
10.84 
% 
64.65 
% 
4.93 
% 
B: Species of two carbon atoms 
Temperature [K] / 
Masses [a. m. u] 
24 25 26 28 
2289.5 4.84 % 6.70 % 13.73 % 74.73 % 
2540.4 5.77 % 9.98 % 25.21 % 59.04 % 
Table 3.2: a) Percentage of every mass formed by one carbon and hydrogen or oxygen 
atoms respect to the others at two different temperatures; b) Percentage of the 
presence of different substances with two carbon atoms respect to the total of 
themselves.  
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The Ion current vs. Temperature curves can be used to obtain the specific latent 
heat for these masses. The specific latent heat (L) of a substance is the needed 
energy required to produce a phase change in heat form (Q). It characterizes 
that mass and does not depend on the shape, size or extend of the sample. We 
can obtain that property using the Clausius-Clapeyron relation, which is used to 
describe a phase transition between two states of the matter of substance. This 
relation has huge importance because it allows determining the vaporization 
enthalpy at a specific temperature with the slope of the saturation curve (Eq. 
3.1) in a pressure - temperature diagram. 
 
In our case, every mass change from a solid state as a constituent of the glassy 
carbon filament to a gas phase into the UHV chamber. On a pressure-
temperature diagram as above (Fig 3.9, Fig 3.10), this relation let us obtain the 
slope of the tangents to those curves: 
 
  
  
  
 
   
 
 
 Eq. 3.1 
 
Where dP/dT is the slope of a curve in a pressure-temperature diagram, L is the 
specific latent heat, T is the temperature and ∆v is the specific volume change 
of the phase transition. 
 
The Eq. 3.1 can be re-written for transitions between a condensed phase and 
gas as 
 
      
 
 
 (
 
 
)    
 Eq. 3.2 
Where L is the specific latent heat of sublimation, R is the gas constant; c is a 
constant and the relationship between lnP and 1/T is linear so, L/R corresponds 
to the slope of that regression. 
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This way, we have calculated the specific latent heat of sublimation (L) (Table 
3.3.) for the collected masses in Table 3.4 (masses with a presence more than 
the 0.1% of the total ion current) with some exceptions. We have excluded 
some masses attending three reasons: 1. the presence is not due to the heating 
of the glassy carbon filament: molecular hydrogen (2), OH- (17), water (18), 
molecular oxygen (32); 2. The ionization surely is realized in the QMS filament: 
C2- (6) and O2-(8); and 3. The mass is not related to the source:  masses 19 and 
20. On the other hand, we have included other masses in Table 3.3, and they 
do not have more than 0.1% of presence at some temperature. That is the case 
of C4 (48), C5 (60) and C6 (72). We compare their behavior above, and it is good 
to know the needed energy to change the phase from solid to gas of these three 
species. 
 
 
Mass 
[a. m. u.] 
12 13 14 15 16 
Substance C CH CH2 CH3 CH4 / O 
Marker in 
Fig 3.10 ■ □ □ □  
L 
[eV/K] 
3.68 3.99 1.98 2.46 -0.09 
Mass 
[a m.u.] 
24 25 26 7 29 30 
Substance C2 C2H C2H2 C2H3 C2H5 C2H6 
Marker in 
Fig 3.10 ● ○ ○ ○ ○ ○ 
L 
[eV/K] 
5.29 5.73 6.17 2.60 2.82 2.79 
Mass 
[a. m. u.] 
36 37 38 39 41 
Substance C3 C3H C3H2 C3H3 C3H5 
Marker in 
Fig 3.10 ♦ ◊ ◊ ◊ ◊ 
L 
[eV/K] 
3.32 .14 2.24 22 2.36 
Mass 48 60 72 28 44 
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[a m. u.] 
Substance C4 C5 C6 CO / C2H2 CO2 
Marker in 
Fig 3.10 
▲ × +     
L 
[eV/K] 
3.05 3.20 1.02 4.79 2.94 
Table 3.3.: The table shows the values of the latent heat of sublimation for different 
masses. Moreover, they are related to the formulas of their corresponding substances 
and the markers of Fig 3.11.  
 
On the other hand, we can deduce from the Latent heat values that the masses 
with higher L will need more energy to be sublimated. So, the cases with a 
negative values indicate that there are sublimated spontaneously and they do 
not need external energy. 
 
The specific latent heat of sublimation (L) is plotted in Fig 3.11 for a better 
visualization. The marker of every mass is indicated in Table 3.3. The mass of 
16 does not have a marker because it is not included in Fig 3.11. As we 
observe in Fig 3.10a, the behavior of that mass is completely different to the 
others because it has the contribution of CH4 and atomic oxygen. Atomic 
oxygen is not produced by the carbon source, so it keeps practically constant its 
level of partial pressure. Thus, the slope of the curve to obtain L is negative; as 
it is indicated above, it means this mass does not need external energy to 
change from solid to gas, and it is according to the Fig 3.10a where that mass 
has a pretty high partial pressure at any temperature. 
 
The masses for four (48 a. m. u.), five (60 a. m. u.) and six (72 a. m .u) carbon 
atoms do not have big values of the latent heat of sublimation (L) so, they are 
substances easy to sublimate. However, their partial pressure is low. Thus, we 
conclude that the glassy carbon filament does not produce them in a significant 
quantity. 
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Fig 3.11: Representation of the latent heat of sublimation for different masses (these 
values are collected in Table 3.3). A low value of L indicates that mass needs less 
energy to change from solid phase to gas.  
 
In fact, the masses formed by only carbon atoms (1C-6C) have a lower value of 
latent heat of sublimation as the number of carbon atoms increases; with two 
exceptions, two carbon atoms which have a pretty high value of L, and five 
carbon atoms with a L value a little higher than the one for four carbon atoms, 
so it appears slightly out of the tendency line.  
 
The substances with two carbon atoms are the hardest to sublimate, especially 
for those with less number of hydrogen atoms (25-27 a. m. u.). Accordingly, the 
percentage of presence of these masses increase at the highest used 
temperature (2540K; Table 3.4). 
 
On the other hand, the species with three carbon atoms (37-41 a. m. u.) show a 
very similar and low value for L, but their percentages are low too (Table 3.4). 
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The percentages of Table 3.4 and their values for latent heat of sublimation give 
us relevant information. It helps to conclude that the glassy carbon filament 
mainly sublimates substances with one and two carbon atoms, but moreover, it 
has in smaller quantities other different substances with a higher number of 
carbon atoms. 
 
Several works about the vaporization of Carbon have characterized the 
sublimation of graphite or carbon molecules52–56 with different techniques. In 
these cases, the temperatures used during sublimation are between 2400 K 
and 3000 K and the main and analyzed masses are C1, C2 and C3. Our analysis 
is performed at lower temperatures (between 2217 K and 2540 K), but we find a 
similar behavior of the heats of vaporization. For example, the latent heat value 
is highest for C2
54,55. In another hand, we obtain that there are many different 
masses than C1, C2 and C3 that has allowed us to make a more complete 
comparison. 
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Table 3.4: The table summarizes the percentages of the masses with more quantity 
than 0.1% respect to all masses for the temperatures between 2217.92K and 
2540.45K. The total pressure for each temperature is indicated.  
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4.1 Introduction 
 
The growth of graphene on transition metal substrates is a well-studied 
subject57–61. The catalytic properties of this type of substrates help the growth of 
graphene with a high structural quality. Even among the methods that employ a 
catalytic effect to synthesize graphene, it can be found that the graphene/metal 
interface interaction depends strongly on the substrate material. For example, 
meanwhile a deep modification of the electronic structure occurs on 
G/Ni(111)62,63 and on G/Ru(0001)64,65 almost no interaction is present of G on 
Ir(111)66,67. This variety of G-on-metal properties shows the relevance of studing 
in detail several metals. In some cases, it has been proposed that the 
hybridization of carbon with the metal can affects contact transmittance 68,69 or 
produce local doping of graphene70,71. In all these cases, graphene has been 
grown using CVD or deposition of aromatic precursors and its properties and 
interaction with the substrate has been well studied. All these previous works 
have led to the first attempts to graphene synthesis by MBE have been made 
on metals, as a natural way of comparing the differences in the results obtained 
with this new method and others well established. 
 
Among the metal substrates, Copper and Nickel are commonly used in the 
literature for the growth of graphene by CVD. In Fig 4.1 we show all transition 
metals, and we have highlighted with blue circles the substrates used more 
often40,42–44,61,62,65,67,72–79.  
 
As it is apparent in Fig 4.1 the most popular substrates correspond with the 
most electronegative atoms. The electronegativity is the chemical property that 
describes the tendency of an element to attract electrons. In Fig 4.1 we show 
Pauling's values (an adimensional number). It is observed that substrates 
employed for CVD have an electronegativity value 1.9 or higher. We have 
chosen to grow G, among the transition metals, on two materials showing 
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higher electronegativity (Pt and Au), taking advantage of the hexagonal 
symmetry of their (111) surfaces. 
 
 
Fig 4.1: Pauling Electronegativity of transition metal80. The colors are in 
correspondence with the number in such a way the higher numbers are darker and 
more electronegativity elements than elements with brighter and lower numbers. All the 
elements surrounded by blue circles correspond to substrates reported in the literature 
used to grow graphene on them.  
 
While platinum (111) has been commonly used to grow graphene41,57,79,81–88, 
not so many works can be found using gold (111)40,42. A possible reason is that 
during growth of graphene on a metal by CVD, the appropriate conditions for 
cracking the precursor molecules (C2H2 or CH4,) require the use of a high 
substrate temperature. For example, a gold single-crystal needs to be annealed 
to temperatures close to its roughening transition (Note: Roughening transition 
means a transition from smoothness to roughness undergone by a surface of a 
crystal when the temperature exceeds a certain critical value). The temperature 
for a roughening transition to occur TR is a fraction of the bulk melting 
temperature TB. It is commonly accepted that TR≈0.75·TB. So, the temperature 
of the roughening transition is for gold TR≈1073 K and for platinum TR≈1598 K.  
For example the formation of graphene on Au(111) by decomposition of 
ethylene40 or using an electron beam carbon evaporator42 requires that the 
substrate is annealed at 1223 K, a temperature clearly above TR, that can easily 
let he gold single crystal surface to become amorphous..  
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However, as we will explain in the third chapter, one of the main advantages of 
the MBE method developed in this thesis is that graphene can be grown at 
much lower temperatures. 
 
4.2 Graphene on platinum (111) 
 
The platinum surface cleaning procedure is described in section 2.6.1. The 
process of growing graphene on platinum has been described in subsection 
2.8.1. Sample’s exposure to the carbon beam was 30 minutes. Simultaneously, 
the sample was annealed at 923 K. However, the procedure works equally well 
if the sample is annealed after growth. The temperature was measured using a 
commercial one-color IR pyrometer. 
 
After growth, the LEED pattern (Fig 4.2) shows a distinctive graphene ring (near 
the corners of the black hexagon) surrounding the spots corresponding to the 
Pt(111) surface (blue hexagon). The lattice constant of the platinum is 2.75 Å 
and of the 2D rhombohedral unit cell of graphene is 2.46 Å. Therefore, in 
reciprocal space, the graphene spots appear at a larger distance than the 
platinum ones, as it is seen in the figure. 
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Fig 4.2: LEED pattern taken at 57.4 eV of a Pt (111) crystal after deposition during 30 
min. of carbon from a MBE source. Spots related to Pt(111) form the characteristic 
hexagonal pattern (blue dashed hexagon) surrounded by a discontinuous ring marked 
by the black dashed hexagon corresponding to graphene. 
 
The presence of a ring corresponding to graphene indicates the formation of 
graphene domains rotationally disordered respect to the substrate. 
Furthermore, it is discontinuous with some spots brighter than others indicating 
some preferential orientations. In this case, the ring is brighter in places forming 
an angle of 19° with respect to the platinum spots. Therefore, this angle is the 
dominant orientation of the graphene patches. This result is in good agreement 
with the literature81. 
 
Additionally, the AES spectra provide an independent verification of the 
existence of carbon on the surface (Fig 4.3). We observe a new peak at 272 eV; 
this value corresponds to the energy position of the highest intensity peak for 
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carbon. The main intensity peaks for platinum are in the energy values of 43eV, 
64 eV, 168 eV and 237 eV, so they are far away enough from the main energy 
value for carbon. 
 
Fig 4.3: Comparison between the AES spectra for clean Pt (111) surface (gray line) 
and platinum after growth (black line).  The gray line shows a flat tendency, however, 
the black line exhibits a peak in the region of 272 eV in correspondence with the value 
of the Carbon peak.  
 
STM images show extensive areas of the surface covered by graphene with a 
surface morphology similar to that reported in the literature by thermal 
decomposition of hydrocarbons41 (Fig 4.4). Analyzing different regions up to 
1µm × 1µm we have concluded that graphene coverage is about 50% of the 
surface. STM images show several Moiré’s patterns separated by domain 
boundaries that appear as bright features together with a dark seam line (Fig 
4.4a). Moreover, some 3D nucleated protrusions can also be observed and are 
tentatively attributed to amorphous carbon. 
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Fig 4.4: a) STM picture showing several of the characteristic graphene moirés 
separated by grain boundaries visualized as brighter areas. Size: 65 nm × 65 nm, V = -
35.7 mV, I = 0.04nA; b) Atomic resolution image of graphene on platinum (111). The 
angle between the moire bumps and the atoms line is 16.5°. Size 8 nm × 8 nm, V = -
3507 mV, I = 0.04 nA.  
 
Atomic resolution images (Fig 4.4b) clearly show a Moiré pattern obtained at 
low bias voltages and typical values for the tunneling current. A Moiré is the 
visual pattern created when two regular patterns interfere. In this case, the two 
hexagonal structures (graphene (0001) and Pt(111)) with a similar lattice 
constant. This one shows an apparent angle (angle between the carbon atoms 
and the moiré bumps) of 16.5° indicated in the image with a periodicity between 
the bumps of 2.1 nm. However, the actual rotation angle between the graphene 
and the underlying Pt (111) surface (in correspondence with the apparent angle 
and the bumps periodicity) is 2° (see Fig 4.18b). 
 
To explore the minimum temperature for graphene formation using our MBE 
solid carbon source we have also performed carbon evaporation on platinum at 
823 K. In this case, no ordered graphene layer has been obtained, but an 
unordered carbonaceous growth on the surface. This attempt was made with 
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the goal to find the lowest temperature to grow graphene on a given surface 
using this method.  
 
4.3 Graphene on gold (111) 
 
Graphene on gold has been successfully grown using a similar protocol as on 
the platinum substrate. Here, the time of sample exposure in front of the carbon 
source was 30 and 45 minutes. Simultaneously, the sample was annealed at 
823 K. Before growth, the gold was cleaned using the procedure described for 
the preparation of metallic substrates (2.6.1 section). 
 
Platinum and gold single crystals have a FCC structure. However, in both 
cases, the (111) surface has a 2D rhombohedra unit cell that shows an 
hexagon in the LEED pattern. After growth, the LEED pattern exhibits graphene 
diffraction spots around the hexagon related to the Au (111) (Fig 4.5). These 
spots are in correspondence with the lattice parameters of 2.46 Å and 2.88 Å for 
graphene and gold respectively. 
 
The graphene spots are brighter at zero (black dashed hexagon) and thirty 
(gray dashed hexagon) degrees respect to the gold spots (yellow dashed 
hexagon). This result indicates that graphene is either aligned with the substrate 
or with the atoms along (110) direction. These systems are further studied in the 
theoretical part. 
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Fig 4.5: LEED image took at 55.1 eV for gold after growth of graphene. Spots 
associated with Au(111) form an hexagonal pattern in correspondence with the 
corners of the yellow dashed hexagon which is surrounded by a characteristic 
graphene diffraction pattern. The graphene diffraction spots are brighter at 0° and 30°. 
Both types of graphene spots are in the corners of the black and gray hexagons 
respectively. 
 
The AES spectra verify the existence of carbon on the surface (Fig 4.6).  We 
have compared the spectra just after cleaning and after graphene growth. The 
clean spectra show two peaks that correspond to gold peaks (239 eV and 257 
eV). On the other hand, the after growth spectra has a new peak in 272 eV. It is 
the value for the carbon peak as I have commented in the previous section 
(4.2). 
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Fig 4.6: Comparison between the AES spectra for clean Au (111) surface (gray line) 
and Au (111) after graphene growth (black line).  The gray line shows a flat tendency in 
the carbon peak region (272 eV), unlike the black line. Both lines show two peaks 
related with the gold (indicated in the graph). 
 
The STM images of graphene on gold show dendritic islands growing either on 
both sides of the gold step edges, or pinned by defects (Fig 4.7a). In many 
cases graphene can be clearly distinguished by analyzing STM current images 
(Fig 4.7b); the graphene-covered areas correspond to dark regions, while bright 
areas correspond to uncovered gold. 
 
Fig 4.7a corresponds to an evaporation of 30 min, obtaining approximately a 0.5 
monolayer of graphene on gold. Thus, it would be possible to consider that the 
dendritic islands can be smoothed if we would have covered almost the entire 
surface.  
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Fig 4.7: a) STM topographic image in correspondence with b) STM current image. Two 
pictures show graphene growth on Au(111). Graphene areas are clearly distinguished 
in the current picture (b), as substrate appears noisy and lighter. a) and b) are obtained 
after 30 minutes of evaporation, so they are covered by a 0.5 graphene monolayer 
approx. Size: 350 nm × 350 nm, I = 4 pA, V = −1241 mV;c) STM image in derivative 
mode showing graphene areas as dendritic branches (red arrows) with several types of 
moirés. The gold herringbone reconstruction is viewed on some of the uncovered areas 
(blue arrows). Size of the image: 67 nm × 67 nm, I = 1 pA, V = −107.8 mV. 
 
A closer view on graphene allows us to recognize several Moiré's (Fig 4.7c and 
Fig 4.8a). These Moirés (red arrows) are in good agreement with other works in 
the literature42 and confirm that the dendritic islands (Fig 4.7c) correspond to 
graphene. 
 
In Fig 4.7c, the Au (111) reconstruction (blue arrows) can be used to deduce 
the orientation of the moiré on the crystallographic directions of gold. Thus, the 
middle graphene patch is oriented along the gold atom's direction. This 
alignment is in agreement with what is observed in the LEED diagram (spots at 
0°). The periodicity of the moiré corresponds to 1.9 nm (distance between moiré 
bumps) 
 
Fig 4.8 shows two STM images with graphene on gold where almost a full 
monolayer has been completed (0.8ML). The image illustrates how the 
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graphene sheets (dark regions) terminate in rounded fingers while approaching 
others, but we do not see them coalesce. 
 
 
Fig 4.8: a) STM image showing a characteristic moiré pattern of graphene in the 
branches of a dendritic region. The gold seems noisy as other images. Size: 30.0 × 
30.0 nm, I = 5 pA, V = −558.2 mV; b) STM current image after 45 minutes of 
evaporation. Graphene (dark areas) covers the 80% of the gold surface (noisy regions 
between the dark graphene fingers). Size: 600 × 600 nm, I = 5 pA, V = −558.2 mV 
 
Furthermore, STM topographic images of graphene on gold are usually 
revealed as depressions. This fact can be related to a smaller electrical 
conductivity in the layer of graphene on gold than the gold itself. It could also be 
related to adsorbates on the STM tip that will induce a reversed contrast 89.  Fig 
4.9 is a schematic representation of a constant-current topographic scanning 
profile over the sample. Over graphene regions, the STM tip must approach the 
surface to maintain a constant tunneling current. This procedure has inverted 
contrast on the apparent topography: graphene appears dark (depressions) and 
bare gold appears bright. In comparison to G/Au, uncovered gold region are 
visualized by STM as noisier patches (Figure 4.8a), which may be due to the 
presence on the surface of fast diffusing carbon species, as it has been 
previously reported for organic molecules on gold 90. 
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Fig 4.9: Scheme showing the topographic constant-current profile describe by STM tip. 
Tip gets closer over the graphene islands, even when the tip-surface distance is 
reduced, inducing a reverse effect and making the graphene to be viewed as 
depressions. 
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4.4 Formation of graphene on Pt(111) and Au(111): 
Theoretical part 
 
In this section, we study the formation of graphene from a theoretical point of 
view. Having this goal in mind, we look at systems formed by one, two three, 
four, six and eight carbon atoms (a graphene monolayer) on a 2×2 unit cell of 
Pt(111) and Au(111). 
 
The exchange-correlation functional employed was the Generalized Gradient 
Approximation proposed by Perdew-Burke-Ernzerhof (GGA-PBE). I have used 
ultrasoft pseudopotentials and 300 eV as the energy cutoff that determines the 
number of plane-waves in the models. The electronic minimization is 
considered to have converged when the total energy changes less than 1×10-5 
eV per atom in three consecutive iterations. Geometric optimizations were 
performed using a force threshold of 0.03eV/Å acting on each atom, and a final 
change in any atomic position smaller than 0.002 Å. Finally, the maximum 
stress on the unit cell is kept below 2.0 eV/Å2. All calculations were performed 
without polarization of spin. The Monkhorst-Pack grid employed was 5 × 4 × 1 
for Pt(111) and Au(111). All calculations have been performed with the 
CASTEP code as provided in the Materials Studio simulation suite (v 8.0, 28,29). 
 
The procedure we have used is as follows: First of all, we create the surface of 
interest from a bulk unit cell always optimized with the same parameters and 
thresholds. Next, we optimize the 2×2 cell with four layers of substrate to allow 
for relaxation of the distance between layers. Therefore, I have started with a,b 
= 5.65 Å, c = 16.92 Å; α,β = 90°, γ = 120°  and a,b = 5.76 Å, c= 20.00 Å; α,β = 
90°, γ= 120° for Pt(111) and Au(111) respectively, and I have optimized these 
values for the surface to get for Pt (111): a,b = 5.53 Å, c= 16.92 Å; α,β = 90°, γ 
= 120°,  and for Au(111): a,b = 5.90 Å, c = 20.00 Å; α,β = 90°, γ = 120°. These 
last values indicate that the 2x2 surface system supports a surface stress 
compression in the Pt (111) case while for Au (111) is the other way around. 
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These final values for the 2D unit cell where the surface stress has been 
relieved are then used in all calculations of this section.  
 
 
Fig 4.10: In the picture is represented the optimized cells which have been used in the 
calculations of this section. The cell parameters are marked. In the calculation, we 
have used a 2x2 cell, thus, the unit cell is marked with dashed lines in the image. The 
image with blue balls corresponds to Pt (111) and the one with yellow balls to Au 
(111). In both cases, the layers progressively become darker to facilitate the 
visualization of the top views (above). 
 
4.4.1 One carbon atom on Pt (111) and Au (111) surfaces. 
 
We have added carbon atoms to form a graphene monolayer on the surface. 
First we have considered adsorption of one carbon atom in four different 
positions on the substrate surfaces: top, bridge and the two hollow sites (HCP 
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and FCC).  In all calculations, we have fixed the positions of the bottom layer 
(represented in darkest colors in Fig 4.11.). 
 
HCP hollow site corresponds to place the carbon atom on the hollow coinciding 
with an atom of the second layer. In FCC hollow site, the carbon atom is also on 
a surface hollow, but in this case, the atom is on top of an atom of the third 
layer. In the top position, the carbon atom is placed over an atom of the surface 
and in the bridge position the carbon atom is on the bridge formed by two atoms 
on the surface. Initially, the carbon atoms are placed at a surface distance of 
3.0 Å approx. 
 
 
Fig 4.11: Representation of the initial configurations for Pt (111) and Au (111). We 
have continued using the same color settings than above (upper layers of the 
substrates lighter than lower layers). 
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Independently from the starting position carbon atoms show a tendency to 
move to the two hollow sites. These results are summarized in Fig 4.12. 
 
 
Fig 4.12: Every case shows the initial conformation (illustrated situation in Fig 4.11) and 
the obtained situation at the end of the geometry optimization. The images correspond 
to the left-side final structures of the different cases. The pictures correspond to a 4 × 4 
unit cell with the 2 × 2 cell marked by black lines (they are the cell used in these 
calculations).  
 
The adsorption energy (Eads) of these systems have been calculated as  
 
Eads = E1C/Sub - (E1C + ESub) Eq (4.1) 
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where E1C/Sub corresponds to the energy of the one carbon atom on the 
substrate in the different positions, E1C the energy of one carbon atom 
calculated in the vacuum and ESub the  energy of the relaxed substrate (four 
layers of the 2 × 2 unit cell). Therefore, a negative value for Eads denotes a 
favorable adsorption (exothermic process). 
 
All the Eads values are collected in Table 4.1. All cases show negative values 
and the most favorable case correspond to FCC hollows in both substrates. The 
next more favorable case is the HCP hollow. The maximum difference energy 
between the most and the less favorable cases are 0.28 eV and 0.14 eV for Pt 
(111) and Au (111), respectively. In Table 4.1 the energy values are exhibited 
as the whole energy value of the system and as the energy value per carbon 
atoms. This last form of expression can help to a better comparison between 
different systems, most especially if they are formed by a different number of 
atoms. In this case, the number of carbon atoms is one, so the two energy 
values are the same.  
 
Initial 
position\Substrate 
Pt (111) Au (111) 
Eads/NC [eV] Eads/NC [eV] 
HCP position -7,576 -5,691 
FCC position -7,702 -5,835 
Bridge position -7,424 -5,819 
Top position -7,462 -5,759 
Table 4.1: Energy adsorption values (Eads) and energy adsorption values by carbon 
atoms (Eads/NC) for the different systems described above. 
 
As we explain above, in every case, the carbon atoms start at 3.0 Å from the 
surface in the geometry optimization. At the beginning, each carbon atom goes 
straight down until it reaches the interaction distance with the surface. This way, 
the adsorbed carbon atom interacts directly with three substrate atoms. In that 
moment, these three atoms of the surface change their initial positions and 
move in the z-direction to adapt to the adsorption of the carbon atom at each 
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position. The fourth atom, on the other hand, does not interact directly with the 
carbon atom and the surface becomes corrugated. Then, the carbon atom 
moves on the surface to find the position of minimum energy (that is the FCC 
position), but the atoms of the surface maintain the displacement from their 
initial positions, so they undergo different corrugations. The difference of these 
values in z-direction is collected in Table 4.2. In any case, the values for the 
metallic corrugations are fairly small (the highest value is 0.7 Å). A value of 
atomic displacement lower than 1 Å is not relevant because the atomic 
vibrational movement and the electronic density are higher than that threshold. 
 
Initial 
position\Substrate 
Pt (111) 
Au (111) 
Metallic surface 
corrugation [Å] 
DC-Pt [Å] 
Metallic surface 
corrugation [Å] 
DC-Au [Å] 
HCP position 0.10 1.14 0.17 1.22 
FCC position 0.12 1.12 0.17 1.26 
Bridge position 0.21 1.17 0.25 1.30 
Top position 0.22 1.18 0.70 1.46 
Table 4.2: The table summarizes the metallic surface corrugation values due to the 
adsorption of one carbon atom and the z-direction distances between the lowest 
platinum (DC-Pt) or gold (DC-Au) atom in the surface and the adsorbed carbon atom. 
 
The largest corrugation is obtained with gold, especially in the top case with 0.7 
Å. Comparing the values for the two substrates in the same initial position, the 
corrugation is always higher with gold, but the difference is not very significant 
except in the case Top. Moreover, observing the different cases for the same 
substrate, the corrugation increases in the same order. On the other hand, the 
distance between the carbon atom and the metallic surface (DC-Sub) is similar in 
platinum, unlike gold. On Pt (111) the carbon atom is placed at similar height 
(the z distance differs in 0.06 Å), and on Au (111) the difference of the carbon 
atom height reaches 0.24 Å. 
 
On balance, the most favorable adsorption is starting from the FCC position on 
both substrates. Thus, we have performed following calculations with the 
carbon atoms from the FCC positions at a surface distance around 3.0 Å. 
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4.4.2 Two carbon atoms on Pt (111) and Au (111) surfaces. 
 
In this part, the initial configuration consists of two carbon atoms in FCC 
position. The final situation of the two carbon atoms is the same as the initial 
one (FCC position for both substrates). Carbon atoms only change the distance 
from the metallic surfaces. The carbons are located closer to them and are 
linked with three atoms of the surface (Fig 4.13). In both cases, the two carbon 
atoms are placed at the same distance from the surface (the difference between 
them is practically zero, see Table 4.3) 
 
 
Fig 4.13: 4 ×4 c view representation of the system formed by two carbon atoms in a 
2×2 unit cell of Pt (111) and Au (111) (the 2 × 2 unit cells are marked by black lines). 
The color settings are the same then the above sections. The picture shows the initial 
and the final carbon positions. 
 
The carbon adsorption changes the position of platinum first layer atoms, in 
such a way that platinum atoms get closer in b direction. That is the reason why 
they appear linked in the Fig 4.13 with a 2.78 Å distance in contrast to the other 
platinum atoms in the cell with an average distance of 2.83 Å. This fact is 
observed also for the gold atoms in the x-y plane. The final carbon position 
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picture for gold shows the gold atoms displaced in the y direction, so it is 
possible to see the fourth layer of gold atoms. The distance between the gold 
atoms linked through a carbon atom is 3.73 Å and the value for the distance 
between the gold atoms without a carbon atom in the middle is 2.85 Å. 
However, the average of the distance of gold atoms is usually 2.89 Å. So 
carbon atoms extend the distance between the gold atoms and compress the 
gold atoms without carbon in the middle. 
 
On the other hand, the z direction for the platinum substrate is much less 
modified than gold. The gold surface suffers a large corrugation when the 
carbon atoms move close to them. The z-distance between the highest and 
lowest gold atoms from this layer is 1.18 Å, which is very high in comparison 
with the platinum corrugation (Table 4.3). This z position difference is observed 
two to two in the four atoms of the surfaces. In other words, two atoms from the 
first layer are in the higher z position and the other two ones in the lower z 
position for both substrates, being very remarkable in the gold case.  
 
 
Pt (111) Au (111) 
Eads [eV] -2.00 -5.64 
Eads/NC [eV] -1.00 -2.82 
Metallic surface corrugation 
[Å] 
0.17 1.18 
Dz(C-Sub) [Å] 1.19 1.53 
Dz(C1-C2) [Å] 2∙10
-5 16∙10-5 
Table 4.3: The table collects the main values for this part. Energy adsorption values 
(Eads) and energy adsorption values by carbon atom (Eads/NC) on Pt (111) and Au (111), 
the metallic surface corrugation as the difference between the highest and lowest 
metallic atom of the first layer, the z-direction distances between the lowest platinum 
(DC-Pt) or gold (DC-Au) atom in the surface, the highest adsorbed carbon atom Dz(C-Sub)  
and the z-position difference between the two carbon atoms  Dz(C1-C2). 
 
Finally, the z-position difference between the two carbon atoms (Table 4.3) is 
not significant (2∙10-5 or 16∙10-5 Å), so both are placed at the same distance 
from the substrate for platinum and gold. 
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In these systems, the adsorption energy (Eads) is calculated by adapting the 
definition given by equation 4.1.  
 
Eads = E2C/Sub - (E2C + ESub) Eq (4.2) 
where E2C/Sub is the energy of two carbon atoms on the substrate with the final 
configuration and E2C the energy of two carbon atoms calculated in the vacuum.  
 
In both cases, the Eads corresponds to a negative value, so it denotes that the 
adsorption is favorable (Table 4.3). The energy for platinum is lower than the 
one carbon atom adsorption, however, in the gold case, the energy is similar to 
the previous values. 
 
4.4.3 Three carbon atoms on Pt (111) and Au (111) surfaces. 
 
To build the graphene monolayer, we added another carbon atom in the 2×2 
cells. All carbon atoms begin with a FCC position, but in this case, they have a 
different behavior depending on the substrate (Fig 4.14). 
 
 
Fig 4.14: Initial and final appearance of the structures for the adsorption of three 
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carbon atoms on Pt (111) and Au (111). 
 
On Platinum, the three carbon atoms go down in the same x-y position until 
they get very close to the substrate, so they bind with the platinum atoms. In 
some way, the carbon atoms are occupying the x-y position of the platinum 
atoms from a new layer and consequently, the platinum atoms from the first 
layer try to continue with their crystal structure with the carbon atoms. This way, 
the last situation is a framework of alternate carbon-platinum atoms forming 
hexagons and dodecagon structures. This framework induces a small surface 
corrugation (0.2 Å approx.; Table 4.4) because the carbon atoms form an angle 
between 85° and 97° with the platinum. Thus, they maintain their x-y 
coordinates in the fictitious position of the platinum atom with a C-Pt bond 
distance (the typical value for C-Pt distance is 1.98 Å, and the carbon atoms are 
bonded to the platinum at a distance between 1.97 and 1.99 Å in this structure). 
Due to this geometry, the z-distance between the planes formed by the carbon 
atoms and the platinum atoms from the surface is approx 1.2 Å. In this case, we 
are talking about planes formed by carbon atoms and platinum because the 
metallic corrugation is very low and the z position difference for carbon atoms is 
not significant (Table 4.4) due they are occupying equivalent positions (fictitious 
platinum positions.) 
 
However, on gold is different (Fig 4.14). One of the three carbon atoms moves 
from its initial position until a place in the middle between the two another ones 
at 1.3 Å (this value corresponds to the C-C double-bond distance). This way, 
the final structure is formed by a chain of three carbon atoms linked at the ends 
with gold atoms. The gold is well-known by the facility to bond with organic 
molecules, especially, forming metal-organics structures with carbon as that 91–
94. The main reason is due to the association energy difference between C-C (-
6.4 eV) and C-Au (-4.7 eV) since, although the both bonds are energetically 
favorable, the C-C bond is easier to form spontaneously. 
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Pt (111) Au (111) 
Eads [eV] -1.40 -2.74 
Eads/NC [eV] -0.47 -0.91 
Metallic surface corrugation 
[Å] 
0.17 1.56 
Dz(CZmin-Sub) [Å] 1.17 1.77 
Dz(CZmax-CZmin) [Å] 5∙10
-5 0.47 
Table 4.4: The table summarizes the main values to characterize these systems. 
Dz(CZmin-Sub) corresponds to the z-distance between carbon and the atom from the 
first layer with lower z position and Dz(CZmax-CZmin) is the z difference between the 
higher and lower carbon atoms. 
 
As we mentioned before, carbon atoms are linked at both side with gold atoms. 
This way, from the four gold atoms of the first layer, one of them is not linked 
with carbons, two of them are linked with one carbon atom and the other gold 
atom is linked to two carbon atoms at the same time (the two different ends of 
the chains). This last gold atom is displaced to higher z position than the others, 
the two gold atoms bonded to one carbon atom are displaced to a z 
intermediate position, and the one not bonded stays at its initial coordinate. This 
re-configuration of the first layer of gold is the reason for the high values for 
metallic surface corrugation and the distance between the lowest z value for 
carbon and gold atoms (Dz(CZmin-Sub); Table 4.4.). 
 
Adapting the Eq (4.1) to calculate the adsorption energy for this case, we obtain  
 
Eads = E3C/Sub - (E3C + ESub) Eq (4.3) 
where E3C/Sub is the energy for the final configuration of this section and E3C the 
energy of three carbon atoms calculated in the vacuum. 
 
The energies show that the two adsorptions are favorable (Table 4.4) but less 
spontaneous than the cases of the previous sections (the absolute value is 
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lower than the others). To compare them it is needed to use the Eads/NC 
because the previous systems have a different number of carbon atoms. This 
way, for platinum the energy value decreases as we increase the number of 
carbon atoms, however, for gold, in the previous sections, the energy value was 
stable (-0.3 approx) but in this case, it decreases with the C-C bond formation. 
On the other hand, if we compare the adsorption of the three carbon atoms in 
both substrates, the gold case is easier to occur than the platinum one. 
 
4.4.4 Four carbon atoms on Pt (111) and Au (111) surfaces. 
 
In this section, we have started with four carbon atoms in FCC position in both 
substrates. The behavior of these systems is different from the case of three 
carbon atoms (Fig 4.15). 
  
 
 
Fig 4.15: Initial and final appearance of the structures for the adsorption of four carbon 
atoms on Pt (111) and Au (111). The carbon atoms start on FCC positions on both 
substrates but, they have different behavior after the geometric optimization. 
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On platinum, the carbon atoms are placed in an equivalent x-y position (FCC) of 
the platinum lattice (Fig 4.15), so the first layer of platinum atoms is completed 
with carbon atoms. As the C-Pt bond (1.98 Å) is shorter than the Pt-Pt bond 
(2.42 Å), the carbon atoms move closer to the surface until they link with 
platinum atoms forming an hexagonal structure. However, to maintain the x-y 
position and the 1.98 Å of distance, the carbon atoms form an angle with the 
platinum ones of almost 90° (from 90.3° to 90.5°) as the case of the 4.4.3. 
section. In this case, the main difference is that the carbon atoms complete the 
fictitious layer of platinum (four atoms in a 2 × 2 cell), forming a complete 
monolayer of a carbon-platinum material. Thus, the distance between the 
carbon atoms and the substrate is similar to the three carbon case (1.14 Å for 
four carbon atoms and 1.17 Å for three carbon atoms, see Fig 4.15) and the z 
difference between the carbon atoms is not significant (3∙10-4 Å). 
 
On gold, the C-C interaction continues to dominate with respect to the C-Au. 
Thus, the carbon atoms move until they link between themselves (Fig 4.15). 
The C-C distances between the linked atoms vary from 1.39 to 1.53 Å. At the 
top view it cannot be fully appreciated, but the structure is formed by two carbon 
atoms linked with two gold atoms and the two other ones are placed with a 
pyramidal appearance (the z difference between the higher and lower carbon 
atom is 1.34 Å, Table 4.5). This configuration is due to that the four carbon 
atoms form a cycle-butane with a torsional effect with carbon atoms confined to 
their positions by the C-Au bond.  
 
 
Pt (111) Au (111) 
Eads [eV] -15.18 -17.73 
Eads/NC [eV] -3.80 -4.43 
Metallic surface corrugation 
[Å] 
3∙10-4 0.46 
Dz(CZmin-Sub) [Å] 1.14 2.31 
Dz(CZmax-CZmin) [Å] 9∙10
-4 1.34 
Table 4.5: The table summarizes the main characteristics for four carbon atoms. The 
meaning of the parameters are similar as the described in previous subsections. 
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The metallic corrugation of platinum is almost zero (Table 4.5.). The carbon 
atoms do not induce any displacement in the platinum because they move until 
they complete a new layer of the platinum lattice. On the other hand, the 
corrugation of the gold surface is because two of the four gold atoms from the 
first layer are linked to two carbon atoms.  In this manner, these two bonds C-
Au are the reason for the modification of the gold atoms position and the 
twisting of the cycle-butane. 
 
The Eads has been calculated as in previous sections. In these cases, the 
energy is really high. It is because in both substrates new species are formed 
and therefore, new links, dropping the energy.  
 
4.4.5 Six carbon atoms on Pt (111) and Au (111) surfaces.  
 
In this section, we start with six carbon atoms forming a ring. The ring goes 
down in both cases (Fig 4.16.). The final situation is similar as it does not 
happen in the two last sections. For platinum, six carbon atoms are much more 
than the needed to form a new layer of the platinum lattice, for this reason, the 
opposite effect occurs. In this case, two platinum atoms from the surface get 
included in a hexagonal structure on the substrate (as the carbon atoms try to 
form a similar structure than graphene) preserving the C-Pt distance (1.98 Å). 
On gold, a similar effect occurs. The carbon atoms are already linked, but they 
have more capability to create bonds. Thus, they link with gold atoms attracting 
them from the surface. Thus, a metal-organic structure of a six-carbon ring 
linked with gold atoms is formed. The structure has an hexagonal appearance 
in top view as in the platinum case. However, the structure maintains the 
carbon-gold bond distance. 
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Fig 4.16: In the original situation, a six carbon ring has in the middle a platinum atom 
from the surface. Then, in both cases, they have formed a metal-organic structure with 
an hexagonal appearance in top view.  
 
Considering the structure explained above, the atoms from the substrate 
included in the metal-organic structure generates large corrugations if we 
continue taking them as part of the metallic surface at the same time. The value 
for the corrugation varies from 1.9-2.0 Å approx. (Table 4.6). On the other hand, 
the z distance of the lower carbon and the lower metallic atom from the surface 
is 2.1 and 2.8 Å for platinum and gold respectively. So, the carbon atoms attract 
the metallic atoms until a z distance of 0.2 and 0.8 Å for Pt and Au on lower 
carbon atoms of the hexagonal structure. 
 
 
Pt (111) Au (111) 
Eads [eV] -4.91 -3.00 
Eads/NC [eV] -0.82 -0.50 
Metallic surface corrugation 
[Å] 
1.88 2.00 
Dz(CZmin-Sub) [Å] 2.12 2.82 
Dz(CZmax-CZmin) [Å] 0.76 0.11 
Table 4.6: Here the main points are collected to describe the structures from this 
subsection. The meaning of every point is defined in the first subsections. 
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The hexagonal structure needs to preserve the typical values for bond 
distances, so the carbon ring tilts to fit in the 2 × 2 cell of the substrate. As the 
cell parameters for gold are bigger, the ring needs a lower tilt, so the z 
difference value for carbon atoms is less for gold (0.1 Å for Au and 0.8 Å for Pt 
approx.; Table 4.6). 
 
The adsorption energy values have been calculated adapting the equation 
explained in the previous sections (Table 4.6). The energy values are negative, 
so they mean that these adsorptions are energetically favorable. The absolute 
value indicates that the formation of this hexagonal structure releases more 
energy with platinum as substrate. Moreover, the adsorption energy value per 
carbon atom is moderate comparing with other sections. 
 
4.4.6 A graphene monolayer (eight carbon atoms) on Pt (111) and 
Au (111) surfaces. 
 
The last structure of this part is the eight carbon atoms in the 2 × 2 cell forming 
a monolayer of graphene. This case will be explained in depth in the section 4.5 
with the different moirés. Here, we start with an initial situation of eight carbon 
atoms. In the platinum case they do not form a graphene layer (Fig 4.17). 
However, the carbon atoms organize on the platinum surface until forming 
graphene. For the gold case, in the original situation, the carbon atoms are 
already close enough to form a graphene layer, so they maintain their x-y 
positions. 
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Fig 4.17: Eight carbon atoms are placed on two metallic substrates. On platinum, the 
carbon atoms don’t form a graphene monolayer as it’s possible to see in the picture, 
but at the end, the graphene monolayer is obtained on both substrates. 
 
 In both cases, the eight atoms start at a distance around 3.1 Å from the 
substrate and then, the graphene layer moves up until 3.8 and 3.2 Å for 
platinum and gold respectively. This distance is measured considering the z 
difference between the lowest carbon a substrate atoms, but in these cases, the 
graphene doesn’t induce significant corrugation in the metallic surfaces (Table 
4.7), and it is showed flat (the z difference between carbon atoms is negligible   
; Table 4.7). 
 
 
 
Pt (111) Au (111) 
Metallic surface corrugation 
[Å] 
7∙10-4 22∙10-4 
Dz(CZmin-Sub) [Å] 3.84 3.21 
Dz(CZmax-CZmin) [Å] 2∙10
-4 14∙10-4 
Table 4.7: In this table are collected geometric characteristics of the systems (a 
graphene monolayer on metallic substrates).  These points indicate the distance at the 
graphene layer places and the low corrugation induced on the metallic surface and the 
graphene layer.  
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The energy is not showed in the Table 4.7 because we talk about it in different 
systems formed by graphene and platinum or gold in the 4.5 section.  This part 
serves mainly to observe the organization of the carbon atoms and how the 
graphene layer separates from the substrate until a preferred distance. 
 
To conclude, the Table 4.8 summarizes the values of the section 4.4. There, we 
have considered that the displacements of atoms lower than 1 Å are not 
significant. These values are indicated in the table with a “no”. On the other 
hand, the Eads/NC, the metallic surface corrugation and the distance between 
the carbon atoms and the substrate are plotted in Discussion (Section 4.6) for a 
better visualization (Fig 4.23). There, the tendency is easier to observe. The 
difference of z distance between the carbon atoms is not plotted because most 
of these differences are lower than 1 Å, and the only case higher (1.3 Å for 
4C/Au (111)) is not a big value. 
 
In the most of the cases for Pt (111), the surface does not corrugate with the 
adsorption of carbon atoms, except for the case of 6 carbon atoms. However, 
the displacement of the platinum atom is due to the formation of a hexagonal 
structure by the combination of them with carbon atoms. In the gold case, the 
metallic corrugation of the surface is higher than Pt (111). The reason is the 
formation of carbon-gold compounds as we observe in the images (Fig 4.13- 
Fig 4.16).  On the other hand, it is possible to see the tendency to increase the 
distance between the carbon atoms and the substrates as the number of 
adsorbed atoms increase. 
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 Pt (111) 
 1C 2C 3C 4C 6C 8C 
Eads/NC [eV] -7.58 -1.00 -0.47 -3.80 -0.82 - 
Metallic surface corrugation [Å] No No No No 1.9 No 
Dz(CZmin-Sub) [Å] 1.1 1.2 1.2 1.1 2.1 3.8 
Dz(CZmax-CZmin) [Å] - No No No No No 
 Au (111) 
 1C 2C 3C 4C 6C 8C 
Eads/NC [eV] -5.83 -2.82 -0.91 -4.43 -0.50 - 
Metallic surface corrugation [Å] No 1.2 1.6 No 2.0 No 
Dz(CZmin-Sub) [Å] 1.3 1.5 1.8 2.3 2.8 3.2 
Dz(CZmax-CZmin) [Å] - No No 1.3 No No 
 
Table 4.8: A summary of the different values for the six systems analyzed in the section 
4.4. For the case of 1C atom, we have indicated the values of FCC position. 
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4.5 Graphene on metallic substrates: Moires 
 
As mentioned above, the moiré is a super-structure formed as the result of placing 
two hexagonal structures with different angles or periodicities. In the sections 4.2 
and 4.3, we observe the existence of several moirés formed by rotations of 
graphene on Pt (111) or Au (111).  
 
On platinum, the LEED pattern shows a super-periodicity at 19° (Fig 4.2) indicating 
the main orientation of the graphene patches. The angle corresponds with one of 
the most common moirés of graphene on platinum, however, in the STM images, 
we observe more graphene orientations as the Fig 4.4b (the atomic resolution 
image). This image shows a moire with an apparent angle of 16.5°, which is 
obtained by rotation of the graphene 2° respect to the platinum surface. 
 
On the other hand, on gold, the LEED pattern shows two main orientations at 0° 
and 30° (Fig 4.5.). In the STM image, we verify the existence of the moire of 0° (Fig 
4.7c). In these pictures (in Pt (111) and Au (111)), Moirés can give a misleading 
impression as that graphene is corrugated, however, our calculations determine 
that graphene is mainly flat. 
 
Therefore, we have performed DFT calculations of graphene on Pt (111) and Au 
(111) collecting the moirés observed in the above sections, in such a way, the 
same moires have been studied with Pt (111) and Au (111) to a better comparison: 
(i) 0°: Graphene is rotated at an angle of 0° with respect to the substrate, and the 
moire is observed as a 7 × 7 super-cell of the substrate; (ii) 2°: graphene is rotated 
at an angle of 2° with respect to the substrate, the moire is represented  by the 
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matrix  (
   
  
) forming a cell close to 7 × 7; (iii) 19°: graphene is rotated at an 
angle of 19° with respect to the substrate. This moire shows the smallest super-
periodicity corresponding to √7 x √7 and (iv) 30°: Graphene has rotated at an angle 
of 30° respect to the substrate forming a moire of 3 × 3 unit cells of the substrate. 
 
In these calculations, the moirés have been studied using the super-cells related 
with their periodicities. The computational details are mainly the same as in section 
4.4 with some exceptions: in this part, we have used local density approximation 
(LDA) as exchange-correlation functional and the energy cutoff is 300 eV in all 
models except in the case of 0° for Pt (111) with an energy cutoff of 350 eV.  
 
The Monkhorst-Pack grid employed to get the convergence in each moire of Pt or 
Au varies according to the type of structure. In Table 4.9, they are summarized and 
related to the kind of moire, the super-cell employed in the geometric optimization 
and the cell parameters used after the cell optimization of the bare substrate for 
every case. In this section, we have used three layers of the substrate for every 
case. Some of the moirés are huge, and we had to decrease the number of atoms, 
therefore we have used one layer less than in the previous section (4.4) 
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Type 
of 
moire 
Super-
cell 
Number 
of 
atoms 
Cell parameters 
Monkhorst-Pack 
grid 
G-Pt G-Au G-Pt G-Au 
0° 7 x 7 275 
a,b = 18.9 Å 
c = 20.0 Å 
α,β = 90° 
γ = 120° 
a,b =19.8 Å 
c = 20.0 Å 
α,β = 90° 
γ = 120° 
1 × 1 × 1 1 × 1 × 1 
2° 7 x 7 269 
a,b = 18.7 Å 
c = 24.0 Å 
α,β = 90° 
γ = 60° 
a,b = 19.9 Å 
c = 24 Å 
α,β = 90° 
γ = 60° 
2 × 2 × 1 1 × 1 × 1 
19° √7 x √7 39 
a,b = 7.2 Å 
c= 20.0 Å 
α,β = 90° 
γ = 120° 
a,b = 7.4 Å 
c = 20.0 Å 
α,β = 90° 
γ = 120° 
4 × 4 × 1 4 × 4 × 1 
30° 3 x 3 51 
a,b = 8.1 Å 
c= 20,0 Å 
α,β = 90° 
γ = 120° 
a,b = 8.5 Å 
c = 20,0 Å 
α,β = 90° 
γ = 120° 
2 × 2 × 1 3 × 3 × 1 
Table 4.9: The table collects the cell parameters used for the four moires with the 
Graphene-Platinum (111) [G-Pt] and Graphene-Gold (111) [G-Au] systems, the number of 
atoms and the size of the super-cells corresponding with each ones and the Monkhorst-
pack grid used in the different calculations. 
 
The final appearance of the systems after the geometric optimization is shown in 
Fig 4.18. The pictures are ordered increasing the rotation angle of the graphene. 
The observed super-periodicity of the moiré for Fig 4.18a is remarkably visible 
because the graphene corrugates a lot forming large bubbles (it is observed in 
detail in Fig 4.19). In the bibliography 81 it seems that this moire on platinum (0°) 
can be given experimentally from a geometric point of view, however, it is not 
reported. The reason why it appears here is because we have obtained it for gold 
as substrate. However, the behavior of this structure in Pt (111) and Au (111) is 
completely different. 
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Fig 4.18: Top views of the various systems compared in this section. The images are 
formed with the graphene layer and the last layer the substrate. In the upper side (a - 
d) the final structures for the moires with platinum as substrate are showed (platinum 
atoms correspond to the blue balls) and on the lower side (e - h) the same cases with 
gold as substrate are presented (gold atoms are the yellow balls). Graphene is 
represented with a gray color and the black lines indicate the supercell of the moires. 
The type of the moire in each figure is: a) and e) are the moire of 0°; b) and f) 
correspond to the moire of 2°; c) and g) show the moire of 19° and d) and h) are the 
moire of 30°. 
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The distances between the graphene layer and the substrate and the graphene 
corrugations of the Fig 4.18 are collected in the Table 4.10. The 0° case for G-Pt 
shows a large corrugation due to the large bubbles mentioned above. In the other 
situations, the corrugation is much smaller; one reason is that graphene is 
maintained at a minimum distance of 3 Å of the substrate, so the interaction 
between them should be weak. In these structures, the substrates (platinum and 
gold) have not suffered deformations (excluding the 0° for platinum). 
 
 
Moire\Substrat
e 
G-Pt G-Au 
Distance [Å] Corrugation [Å] Distance [Å] Corrugation [Å] 
0° 3.45 2.52 3.23 0.01 
2° 3.17 0.10 3.09 0.09 
19° 3.39 0.03 3.21 0.005 
30° 3.23 0.01 3.22 0.006 
Table 4.10: Graphene-to-substrate distances and graphene corrugation. Distances are 
measured in the z direction, thus it is equivalent to consider the distance in z-direction 
between two planes: one plane defined by the graphene layer and the other one forming 
by the topmost layer of the substrate. In the particular case of 0° G-Pt, the distance 
corresponds to the average distance between the carbon and platinum atoms, and the 
corrugation is the distance between the highest carbon atom and the lowest in the layer of 
graphene. 
 
The corrugations and the distances observed in the Table 4.10 are lower on the 
gold substrate than on platinum for the same moire (excluding the 0° for the 
platinum case). Moreover, the minor value for the corrugation corresponds to the 
moires of 19° and 30° on both substrates, it seems a tendency that moires with a 
lower periodicity show a lower corrugation in the graphene layer. 
 
4. Graphene on metals 
Moires  
 
 
Fig 4.19: Picture shows graphene on the last layer of platinum forming the moire of 0°. 
The periodicity of moire corresponds to 7x7 cell of the substrate (18,9 Å). Graphene is 
deformed during the geometry optimization showing a huge corrugation. The platinum 
surface is corrugated in the opposite direction (anti-corrugation) making the closer 
distance to be 2.1 Å to the graphene. Bond distance corresponds to the distance 
between these two atoms, and the distance graphene-to-platinum is the separation in 
the z-direction.  
 
All graphene layers are at a distance between 3,1 to 3,4 Å approx of the substrate. 
In the case of G-Pt for 0°, the value of the Table 4.10 indicates the average 
distance between the carbon and the platinum atoms. In that case, the value is 3.4 
Å because the graphene shows large ripples. Thus, as shown in Fig 4.19, the 
corrugation of this system corresponds to 2.5 Å indicating that the nearest carbon 
atom to the platinum is at 2.2 Å and the farthest atom at 4.7 Å approx. On the other 
hand, the z distance of 2.2 Å (actually, the bond distance is 2.1 Å; Fig 4.19) 
indicates that at least, this carbon atom is at a distance to bond with the platinum 
atoms of the surface. It is the reason that these carbon atoms appear linked to the 
platinum ones in the Fig 4.1995. 
 
In Fig 4.18 it is very complicated to observe the moire pattern. So we have 
simulated the STM images of the eight systems using CASTEP (Fig 4.20). These 
simulations make the comparison easier with the experimental STM pictures and 
let us analyze the main difference between the moirés and the substrates. 
 
 
18,9 Å 
      
     0.1 Å 
2.1 Å 
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Fig 4.20: Simulated STM images for every case of this section. Each one is related to 
the type of moire and the substrate when increasing the rotation angle of the 
graphene. 
 
In all the images for G-Pt we have established an STM bias of 3.5 V, and for gold, 
we have used 0.11V. These values have been chosen because they are the bias 
values of the experimental images Fig 4.4b and Fig 4.7c. The color settings 
indicate that the blue areas are the deepest zones and the red regions correspond 
to the highest zones. 
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For G-Pt, the images show a clear moire pattern in all cases, especially for 2°. The 
0° case only shows a non-zero signal in the upper carbon atoms of the graphene 
areas. This is due to the large corrugation explained above. However, for G-Au 
there is definitively a moire pattern for 0° and 30° in correspondence with the 
experimental part. As an example, 2° for G-Au does not exhibit any clear pattern, 
and 19° does not show a super-periodicity, so the STM simulation image presents 
the structure related to a graphene layer. 
 
In these systems, the adsorption energy (Eads) has been calculated following the 
Eq. 4.3. 
 
Eads = EG/Subs - (EG + ESubs) 
 
Eq (4.4) 
where  -EG/Subs corresponds to the total adsorption energy of the system, EG the 
energy of a graphene layer calculated at the same geometry of the total system 
without substrate and ESubs the energy of the relaxed substrate, either Pt (111) or 
Au (111). Therefore, the definition of Eads denotes that a negative value is in 
agreement with a favorable adsorption.  
 
The adsorption energies of the different systems are contained in Table 4.11. 
Every described system is formed by several number of atoms so, for a better 
comparison, the adsorption energy per atom (Eads/Natoms) is more adequate. The 
adsorption energy by atom can be used because the number of carbon atoms is 
proportional to the number of substrate atoms, moreover, in all cases, we have 
used the same number of layers for each substrate. 
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Moire\Substrate Platinum (111) Gold (111) 
Eads [eV] Eads/Natoms [eV] Eads [eV] Eads/Natoms [eV] 
0° -6.03 -0.02 -4.45 -0.02 
2° -2.82 -0.01 -8.73 -0.03 
19° -0.57 -0.01 -0.71 -0.02 
30° -1.16 -0.02 -0.79 -0.02 
Table 4.11: Values of adsorption energy and adsorption energy per atom according to the 
type of moire. Bold letters emphasize the energy values for the experimental cases.  
 
The negative values mean that the formation of these structures is energetically 
favorable. Bigger absolute values indicate that the systems release more energy. 
As a reminder, we obtain experimentally the moirés of 2° and 19° for Pt and 0° and 
30° for Au.  Their energies correspond to the lower absolute values of adsorption 
energy per atom, so the adsorption energy values indicate that the moirés not 
observed in the experimental part can be formed experimentally and they release 
more energy during the geometry stabilization. On the other hand, LEED pattern 
provides an average of the contributions of the different moirés formed on the 
surface and the brightest areas of the graphene ring indicate the orientations of the 
most common moirés obtained, but more types can be formed on the surface. 
Therefore, we can deduce that adsorption energy per atom (Table 4.11.) can 
establish the possibility of the formation of a kind of moire (by the sign), but it is not 
definitive to conclude which (one) is the most common moire. 
 
The stress of the systems can give us another perspective of the trend of the 
formation of these moires on platinum and gold. The values for each are in Table 
4.12. In platinum, lower stress corresponds to the moire of 0° but, in that case, the 
graphene has a strange behavior forming large ripples, whereby the carbon atoms 
have been placed in positions where they are more relaxed reducing the stress of 
the system. On the other hand, other values for G-Pt vary between 0.4 to 1.1eV/Å2 
approx and they correspond to the two lowest moirés obtained experimentally (2° 
and 19°). The same behavior is observed in G-Au, the moires of 0° and 30° are 
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experimentally showed, and the stress values are the lowest with -0.03 and 0.04 
eV/Å2 respectively. Thus, we can conclude that the lowest absolute values of 
stress are related to the possibility to appear experimentally if the geometry of the 
system is adequate. The sign of stress indicates if the system extends or not.  
 
Moire\Substrate G-Pt [eV/Å2] G-Au [eV/Å2] 
0° 0.11 -0.03 
2° 0.58 -0.19 
19° 0.39 -0.20 
30° 1.10 0.04 
Table 4.12.: Stress values for the graphene-substrate structures for the four moiré
 
4.6 Discussion 
 
We have grown graphene on two metals with different properties. For that reason, 
graphene appears with different appearance and forming different moirés. During 
the process, we have adapted the system to the substrate used. This way, we 
have annealed the substrates at different temperatures and reported the lower 
temperature to achieve graphene formation. As a reminder, for Au, the temperature 
is 823 K, and at this temperature, on Pt, we only obtain a disorder carbon layer. In 
fact, to get an ordered graphene sheet on Pt, we need to increase the temperature 
up to 923 K.  
 
This difference can be understood with the calculations of the diffusion barriers for 
C on both substrates. By using a Linear Synchronous Transit Method, we find that 
the diffusion barrier for C on Au is 61 meV lower than on Pt.  
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Fig 4.21: Diffusion barrier for one carbon atom on platinum (blue) or gold (yellow) as a 
function of the temperature. The dashed lines highlight the different temperature 
needed in each substrate for the same time period. 
 
The Fig 4.21 represents an estimation of the time needed as a function of 
temperature for a carbon atom to jump from one cell to a neighbor one for both 
substrates: platinum (blue) and gold (yellow). 
 
By observing the graph, at a given temperature, e.g. 823 K, it takes about 100 ns 
for a C atom on Au (yellow) to jump from one cell to a neighboring one. Tracing an 
horizontal line (dashed line in the figure), we observe that a temperature higher by 
approximately 60 K is needed to get the same rate on Platinum. This is in 
reasonable agreement with the experimental part in which we increase 100 K 
approximately for platinum. Moreover, it is interesting to notice that the lower 
diffusion barrier on Au is partly due to the higher mobility of Au atoms on the last 
surface plane (ductility).  
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On the other hand, it is important to understand that the difference between the 
graphene formed on gold or platinum is coming from the diffusion of carbon atoms 
at the edge of graphene sheets. Once the graphene is formed, the carbon-carbon 
interaction dominates as the graphene sheets are located far away from both 
substrates (more than 3 Angstroms). The higher temperature formation for the 
platinum substrate results in a higher carbon diffusion at the graphene islands 
perimeter, producing a rounded shape for graphene on platinum. On the other 
hand, carbon atoms forming graphene on gold diffuse slower, as the temperature 
is almost 100 K lower (823 K), and the shape of the islands remains close as the 
one first formed, showing a dendritic shape.  
 
Moreover, taking account the section 4.4, the bonding energy for C-C (-6.4 eV) is 
more favorable than C-Au (-4.7 eV) (the energy value for C-Au was calculated 
using a singlepoint with CASTEP code). However, this difference is not so big 
respect with platinum (-5.9 eV). So a carbon atom on gold, with a lower diffusion, 
easily bonds with another carbon atom resulting in a fractal shape. However, on 
platinum, the carbon atom links with three platinum atoms in most of the cases, as 
it is placing the platinum lattice positions (from 4.4.2 to 4.4.4 subsections). Thus, 
the adaptation of the carbon atoms to the platinum lattice, the low energy 
difference between the C-C and C-Pt bonds (0.5 eV) and the bigger diffusion of 
carbon on the platinum surface due to the higher temperature used makes the C-Pt 
bond be more possible than a C-C link.  This way, the Fig 4.22 shows the energy 
by adsorption of a new carbon atom in a system. The energy values has been 
calculated by  
 
E = EnC/Pt - (EC + E(n-1)C/Pt) Eq (4.2) 
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In such a way, we obtain the energy by adsorption of a new carbon atom in a 2×2 
cell of platinum with at least, one carbon atom on the surface. So EnC/Sub is the 
adsorption energy of the final system formed after the adsorption (we have 
calculated for 2C, 3C, and 4C), E(n-1)C/Pt corresponds to the energy before 
adsorption (1C, 2C or 3C respectively) and EC is the energy for one carbon atom. 
These values have been obtained from the table of the 4.4 section. For the case of 
the adsorption of the second carbon atom, we start with the energy of one carbon 
atom in B position on Pt (111). 
 
 
Fig 4.22: Representation of the adsorption energy by adding one carbon atom more 
on a platinum 2×2 cell with one, two or three carbon atoms on it. 
 
In the Fig 4.22, the absolute value of the energy decreases as the number of 
carbon atoms increases. It is because the adsorption of a new carbon atom is 
more difficult as it increases the number of them. The carbon atoms place in 
platinum position (from 4.4.2 to 4.4.4 subsections) forming a fictitious platinum 
layer until they are too much. At that moment, the C-C bond prevails forming a ring 
and, the platinum atoms are included in a hexagonal framework as a fictitious 
graphene layer (4.4.5 subsection).  
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On gold, as the C-C bond is dominant, the structures are different and show a 
trend to form carbon species (a chain in 4.4.3 and a cycle-butane in 4.4.4. 
subsections) linked with gold by the ends.  
 
 
Fig 4.23: Visual summary of section 4.4. a) Evolution of the adsorption energy by atom 
from one to six carbon atoms on platinum (blue) and gold (yellow) b) Plot of the distance 
between the carbon atoms until a graphene layer and platinum or gold c) representation 
of the induced corrugation of the metallic surface as the number of carbon atoms 
increase. 
 
In Fig 4.23 a summary appears of the values of section 4.4. It is possible to 
observe a change in the trend for the adsorption energy by atom and for the 
corrugation of the metallic surface for the case of four carbon atoms on both 
substrates. However, the distance to the substrate increases with the number of 
carbon atoms, showing an almost linear behavior for the gold case and an 
exponential appearance for platinum.  
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In the four carbon case (4.4.4 subsection) the adsorption energy increases.  On 
platinum, four carbon atoms link with three platinum atoms completing the 
positions of a first layer of the platinum surface. From that perspective, the first 
layer of platinum atoms is comfortable because the atoms are acquiring a place in 
good correspondence with a second layer, so they move slightly from their initial 
positions and they don’t produce any corrugation. On gold, the four carbon atoms 
try to form a cycle-butane creating different bonds between them and with the gold 
atoms of the surface. The gold atoms force the cycle-butane to be in torsion and at 
the same time, the carbon atoms attract the gold atoms to change their initial 
positions, but less than other structures.  
 
The corrugation of the gold surface increases with the number of carbon atoms in 
the system. In that process, different structures are formed by the combination of 
carbon and gold atoms until the graphene layer be built. Once the graphene layer 
is formed, the corrugation decreases dramatically because the carbon atoms are 
comfortable forming graphene and therefore they stop forming links with the gold 
atoms of the surface. On platinum, to a lesser extent, the behavior is similar. 
 
Finally, we can compare de STM images obtained experimentally with the ones 
calculated using the CASTEP simulation of the moiré models (4.5 subsection). As 
a reminder, we observe the moirés of 2° and 19° for Pt (111) and 0° and 30° for Au 
(111). It is easier to compare the G/Pt images because we obtained larger moirés 
areas and atomic resolution. This way, the Fig 4.24a shows different moirés of 
G/Pt (111) separated by boundaries in the same image. These moirés are placed 
individually next to the corresponding simulated image in Fig 4.24b or Fig 4.24c. 
The Fig 4.24b corresponds to 19° moiré, and it is possible to observe in the 
simulated image a small periodicity of the moiré bumps and low contrast between 
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the intensity of the picture. For these reasons, the corresponding STM image 
(placed at the same scale than the simulated one) doesn’t let us observe the moiré 
pattern. The Fig 4.24c (moiré of 2°) shows a bigger periodicity for the moiré bumps 
(almost three times larger than the moiré of 19°) and the contrast is higher, so it is 
easier to observe the similarity between the simulated and the experimental 
pictures. For that purpose, the experimental one is superposed to the simulated. 
There, the experimental distance between the moiré bumps is 2.1nm approx., 
however, the theoretical distance is 1.9 nm (marked in Fig 4.24c), so the difference 
is 0.2 nm. That value is low enough to be within the experimental error of the STM 
measurements.  
 
 
Fig 4.24: a) The STM image shows two different moirés of G/Pt separated by 
boundaries. Each type is labeled on their area. At the right side the two are placed 
separately beside the corresponding simulated image; b) The STM simulated image of 
the moire of 19° next to the experimental one at the same scale; c) a small experimental 
image of the moiré of 2° inserted into the simulated at the same scale to observe the 
adequate comparison between them. 
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On gold, we have a similar situation. The moire of 0° has larger periodicity than the 
moire of 30°. In fact, the second one shows the smallest periodicity between the 
four types (Fig 4.25b). Thus, it is too small to be observed in STM images, 
although it is visible in LEED pattern (Fig 4.5). However, the moire of 0° has a 
bigger periodicity (similar to the moire of 2° for platinum) and enough contrast to be 
observed with both techniques. In Fig 4.25a an STM image of 12x12nm is 
presented. Besides, we show the corresponding simulated image with the same 
scale. There, it is possible to observe that both show a moire of similar size. The 
distance between the experimental moiré bumps is 1.9 nm approx in agreement 
with the almost 2.0 nm of the simulated image. 
 
 
Fig 4.25: a) Moiré zoom of 0° for G/Au (111) at the same scale of the correspondence 
simulated image at the right side; b) Simulated image of the moire of 30°. The periodicity 
is too small and with low contrast to observe experimentally. However, the LEED pattern 
indicates that it is one of the most common moirés obtained. 
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5.1 Introduction 
 
Graphene is a promising material for the performance of electronic devices. 
However, those devices have to be supported by a substrate which does not 
modify the graphene properties. In most cases, it is necessary to transfer the 
graphene from the substrate where it is grown to another substrate for the 
application. However, the transference of graphene has many disadvantages, as 
the graphene properties can be altered or diminished96,97. So it is necessary to find 
an adequate substrate to grow graphene directly on it.  
 
Up to date, different substrates have been used to growth graphene, as metallic 
substrates or semiconductors. The main problem of the metallic substrates is the 
strong interaction between the graphene and the metal, so the transport properties 
are altered. The semiconductors more used are carbides as SiC97–99 or oxides as 
SiO2
100–102, but the graphene growth on them suffers additional scattering from 
charged surface states and impurities103,104, the roughness of the substrate surface 
105 and surface optical phonons106. All this involve a deterioration of the devices. 
 
Diamond, however, is a natural candidate to be an adequate substrate because it 
has excellent properties, such as low charged surface states, unparalleled 
hardness, chemical inertness, few impurities, high phonon energy, thermal 
conductivity, and electron mobility107. For these reasons, graphene on diamond 
have attracted much attention96,102,108–114. 
 
In this work, we have used two different surfaces of single diamond crystals: 
diamond C (111) and diamond C (110). Diamond C (111) is a synthesized and 
Boron doped single-crystal. The graphitization of this surface by annealing is well 
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known115–118. In fact, the diamond C (111) and graphene lattice closely match 
(projected carbon-carbon bond in diamond is 2% bigger than graphene), so this 
diamond surface is the most used to have graphene on it108,110,111,117,119–121. On the 
other hand, we have used two synthesized diamonds with a (100) surface, the first 
doped with boron and the second with nitrogen. This surface is completely different 
to the graphene lattice, so it has not been used before to grow graphene on it, and 
the graphitization of the surface is not reported. 
 
 
Fig 5.1: Representation of graphene, diamond C (111) and diamond C (110) structures. 
Dashed lines represent the unit cell. The carbon-carbon distances corresponding with 
the | ⃗| and | ⃗| cell values and the distances between diamond planes are indicated on 
the picture. The second layer of diamond is darker for a better visualization. 
 
As we mention above, in Fig 5.1 it is possible to observe the similar structure of 
graphene and diamond C (111) from a  ⃗ view. They are entirely different to the 
diamond C (100) structure which it is square, so at first, it is easier combine the 
graphene and diamond C (111) structures than graphene and diamond C (100). 
On the other hand, in the across view, we can see how every diamond layer is 
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formed by two different heights. In other words, every diamond layer is a bilayer 
preserving the sp3 structure.  
 
Few articles have reported the growth of graphene on diamond. The most common 
method is the diamond C (111) graphitization as we mention above. In fact, it has 
been used an iron layer on the diamond to favor the graphitization at lower 
temperatures121. Other authors have also reported the use of CVD method to 
obtain graphene on diamond C (111)122,123 or the graphite exfoliation and the 
subsequent deposition on diamond C (100)102. The diamond C (111) surface 
graphitizes easily. For example, the argon ion bombardment damages the surface 
and the surrounded areas are partially graphitized, or the heating of the diamond 
up to 1773K at 1.3×10-10mbar produces graphitic carbon on the surface107 . That 
reason limits the way of cleaning the surface, so we find the better way of cleaning 
the diamond surface is ex-situ using the procedure described in section 2.6.2. 
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5.2 Graphene on Diamond (111) 
 
After cleaning the diamond surface, we introduce it in the Ultra High Vacuum 
chamber, and then the sample is annealed at 1273K until the pressure is lower 
than 1×10-9 mbar. The LEED in Fig 5.2a corresponds to the clean diamond C 
(111). The corners of the red hexagon indicate the spots of the unit cell.  
 
 
Fig 5.2: a)LEED pattern of the clean diamond C (111) surface. It was taken at 105 eV; b) 
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LEED image after graphene growth (104eV) forming a p(2x2) pattern. New spots are 
indicated with a gray hexagon; c) p(2x2) pattern at higher energy (139 eV) showing the 
spots of second order marked by circumferences; d) LEEDpat representation of a p(2x2) 
LEED pattern of an hexagonal lattice. The same code is used in the four pictures: red for 
diamond, gray for graphene, a hexagon for the spots of first order and circumferences for 
the second ones. 
 
The graphene growth was performed for 30 minutes. Simultaneously, the diamond 
was annealing at 1473K. That heating is maintained until recovering a pressure 
lower than 5×10-9mbar, so the diamond cools down better the lower the pressure. 
The LEED pattern has changed to a p (2×2) (Fig 5.2b/c). The Fig 5.2b indicates 
the spots related to the diamond C (111) surface with the red hexagon and the new 
ones corresponding with the graphene with the gray hexagon. The same colors are 
used in Fig 5.2c. That LEED pattern is at a higher energy to obtain the spots of the 
second order. They are surrounded by circumferences. In both schemes, the spot 
corresponding to (0,0) is off-axis to observe better the new spots of the p(2x2). Fig 
5.2d is a representation of a p (2x2) cell made with the LEEDpat software124. The 
pattern is similar to Fig 5.2c except for some spots that can not be observed in the 
experimental image. The main reason of this effect is the bad quality of the old 
LEED screen, making the experimental contrast to be not so good in some regions. 
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Fig 5.3: AES spectra comparison of clean diamond C(111) (red) and graphene on 
diamond C (111) (black) in different regions: a) elastic peak around 1000 eV and 
electron energy losses peaks; b) carbon peak at 272 eV; c) oxygen area (510 eV) 
exhibiting that the sample does not have that substance on the surface. 
 
The AES spectra indicate that the sample is made of carbon and it does not have 
another substance. The peak related with Boron (the dopant) does not appear, so 
it must be lower than the limit sensitive of the AES system (around 5% of the 
surface). In Fig 5.3 we have compared the spectra before and after growth. Fig 
5.3b and Fig 5.3c show the region of the carbon and oxygen peak respectively. 
There, we observe the existence of the carbon peak (272 eV) in the diamond (red) 
and the graphene/diamond (black) spectra, however, in the oxygen range peaks do 
not appear (the oxygen peak should be at 510 eV). We exhibit this oxygen range 
because it is one of the more common peaks to determine that the surface is dirty. 
Based on the EELS technique, the AES spectra of Fig 5.3a exhibit the elastic and 
the energy loss peaks. The difference between them determines a change in the 
surface structure125. Here, the energy loss peak after growth has moved away from 
the elastic peak so, the energy difference increases from 26 ± 1 eV to 35 ± 1 eV as 
it is indicated in the picture. The error is estimated from the step interval of energy 
used in these scans (1 eV). Several studies have been reported about the use of 
EELS technique to obtain information of sp2 and sp3 carbon hybridizations in thin 
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films125–127. Between them, one article125 compares the wide of the plasmon losses 
peak of bulk graphite (27.5 eV), a graphitic film (25.5 eV) and a CVD diamond 
(22eV). Despite having different values to ours, the peak of electron energy losses 
changes from diamond to graphite moving away from the elastic peak. This fact is 
also observed in the literature as a displacement due to the change from the initial 
sp3 structure to a sp2 one126. 
 
 
Fig 5.4: a) Picture of the diamond single crystal into the STM. The single crystal is fixed 
to the sample holder with two Tantalum wires. The STM tip is very close to its reflection, 
so it is near to tunnel range. The sample is stepped; b) Profile an image of 5 × 5 µm. A 
step of 8nm is showed. The image related with this profile is in the right corner. There. It 
is possible to observe more steps with a triangular shape in both terraces; c) STM image 
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of the clean diamond surface. The clean was checked before with LEED and AES 
techniques. Size: 700 × 700 nm. Bias Voltage = -2.93 V; Set point current = 5 µA; d) 
Smaller STM picture of the clean diamond surface. There it is easier observe the 
roughness. Size: 219.1 × 219.1 nm. Bias Voltage = -3.90 V; Set point current = 15 µA. 
 
Obtaining the STM images of the diamond sample has been a difficult task. The 
diamond is an insulator, and although this substrate is doped with Boron, it was not 
conductive enough to get good measures. Moreover, the clean diamond surface 
has big steps as it is showed in Fig 5.4a. These steps are much higher than typical 
ones of metallic surfaces. A profile of one step of 8 nm is exhibited in Fig 5.4b, and 
the corresponding image is on the right corner. Beside these steps before growth 
graphene, we observed smaller steps with a triangular shape and a rough surface 
(Fig 5.4c and Fig 5.4d). The clean diamond surface has an appearance with a lot 
of black areas and white mounds over regions of 700 × 700 nm (Fig 5.4c) and 220 
× 220 nm (Fig 5.4d). The black areas could be related with the dopant. However, 
they cover around 10% of the surface (measured with the WSxM), and we do not 
observe the Boron peak in the AES spectra (or any other contaminant), so at least 
part of them are not Boron islands. They also could be surface holes at most.  
 
Additionally, we found a bigger problem. Every cleanness process attack the 
diamond surface and the annealing at such high temperatures cause a degradation 
of the single diamond crystal and a reduction of the boron doping. This way, in 
every new trial, it was difficult to perform the STM measurements because the tip 
not entering in range or crashing directly (the diamond surface does not conduct). 
This fact was observed too with the LEED technique because the screen charges 
faster with each test. 
 
We can measure STM images at negative Voltages (in our STM the voltage is 
applied to the tip) due to the doping with Boron (p-type diamond). However, after 
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graphene growth, we can use this technique for positive and negative bias 
voltages. Moreover, the sample conducts better than before growth.  
 
STM images after graphene growth show an ordered structure covering the rough 
surface. One of these images are showed in Fig 5.5a. The ordered structure 
covers different areas forming patches with different orientations. The Fig 5.5b 
shows a zoom of 3 × 3 nm. The Fourier Transform of the Fig 5.5b image exhibits a 
clear hexagonal structure (Fig 5.5c) with a distance between the spots of 2.47 Å. 
That distance corresponds to the graphene lattice as we indicate above (Fig 
5.1).On the other hand, the Fourier Transform exhibits in some cases a distance 
between the spots of 4.96 Å (Fig 5.5e). This distance is approximately twice the 
graphene lattice, so it corresponds to a 2×2 moiré in good agreement with the 
LEED pattern. The Fig 5.5e is obtained from Fig 5.5d. There, the distance between 
the bumps is 5.0 Å approximately, and it is obtained from a profile traced over the 
moire bumps. An example of a profile is placed in the right corner of Fig 5.5e. This 
way, the STM helps to conclude we have covered the diamond surface with a 
hexagonal structure after growth graphene. It has the lattice parameter of 
graphene, and it shows a super-periodicity with a double value (moiré). 
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Fig 5.5: a) Graphene on Diamond C (111). Size: 10.0 × 10.0 nm. Bias Voltage: -1.9 V, Set 
point current: 1.0 nA; b) STM image of hexagonal structure with the same lattice 
parameter of graphene. Size: 3.0 × 3.0 nm.  Bias Voltage: -1.88 V, Set point current: 0.95 
nA; c) Fourier Transform of 5.5b. The image shows a hexagonal structure with a distance 
between the spots of 2.47 Å. The vertical lines represent the noise of the corresponding 
STM image; d) STM image with 3D representation. The moire bumps are easily 
identifiable in small patches. Size: 4.4 × 4.4 nm.  Bias Voltage: -1.0 V, Set point current: 
0.76 nA; e) Fourier Transform of 5.5d. The distance between the spots is 5.0 Å. In the right 
corner a profile of Fig 5.5d is placed with a distance between the moiré bumps of 5.0 Å 
approx. 
 
Fig 5.6 shows several Raman spectra represented in 3D for an easier comparison. 
The spectra were taken going from outside to inside the sample, from 1.9 µm up 
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until -2 µm inside. The colored base of the spectra represents the region where the 
spectrum was performed. Thus, the front dark area is referred to the Raman over 
the surface. The clearest region corresponds to the surface, and the dark region at 
the bottom is the area inside the diamond. 
 
The full Raman is also placed in the inset right corner. There a strong peak is 
observed at 1332 cm-1, corresponding to optical vibrations of the diamond crystal. 
The peak decreases going out of the substrate. The intensity and thickness of the 
peak confirm that the substrate is a single crystal. 
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Fig 5.6: a) Zoom of Raman spectra after growth graphene on diamond C (111). The base 
picture represents the region where each Raman was taken, so the lightest region 
corresponds to the surface, the backside dark area is a zone inside the diamond crystal 
(from 0.0 µm to -2.0 µm), and the dark front area was taken over the sample (from +2.0 
µm to 0.0 µm). The Raman spectra were performed from -2.0 until 1.9 µm; b) Complete 
Raman spectra.(a) is a zoom of this. The peak related with the diamond crystal (1270 cm-
1) decreases in the zone over the sample (from +2.0 µm to 0.0 µm). 
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In the main image of Fig 5.6, the zoom helps to observe new peaks related with 
graphene. In the image, it is possible to observe the increase of some peaks in the 
surface region. That is the case of one in the 1580 cm-1 region. It corresponds to 
the G peak. Moreover, in the picture it is possible to observe that the width of the 
diamond peak increases (1332 cm-1) in the surface. The D peak of graphene is 
located at 1360 cm-1, so it is overlapped to the diamond peak. It is due to the out-
of-plane vibrational mode of sp2 carbon atoms and it activates in the presence of 
defects, for example, small regions of graphene with different orientations. The 2D 
peak of graphene is situated at 2668 cm-1. However, it is difficult to identify in Fig 
5.6 because there are two peaks in this region from the diamond crystal. 
 
We have performed the difference between two Raman spectra (Fig 5.7). They are 
placed in the right-up corner and correspond with the innermost Raman of Fig 5.6 
(red line) and the one centered in the light region (black line). This way, the 
difference corresponds to the contribution of graphene grown on the surface. We 
have removed the negative part coming from the huge diamond peak at 1332 cm-1. 
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Fig 5.7: Difference of the two Raman spectra represented at the right corner: the red 
line is a Raman inside the Diamond crystal and the black line is a Raman on the 
Diamond surface after growth. The main graph (the difference) corresponds to the 
graphene contribution.  
 
The difference indicates the broadening of the D region (1360 cm -1),   and the 
appearance pf a new peak, the G peak (1580 cm -1). Moreover, a hill is observed 
from 2550 to 3250 cm-1 occupying the 2D and D+G peaks (the positions are 2668 
and 2947cm-1 respectively). This Raman spectrum demonstrates the existence of 
carbon sp2 at the surface, and the wide of the peaks indicates that this graphene is 
in the form of patches, in good agreement with the STM images. 
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5.3 Graphene on Diamond (100) 
 
Diamond C (110) has a square surface structure as we indicate above (Fig 5.1). In 
this part, we have used two types of diamonds: one doped with boron and another 
one doped with nitrogen. The main difference between these dopants is that a 
diamond with boron becomes a P-type semiconductor, however, with nitrogen, the 
diamond converted into an N-type semiconductor. It is because the number of 
electrons in these three involved atoms is: Boron (5) < Carbon (6) < Nitrogen (7), 
so a diamond doped with nitrogen means that in the crystal structure of the carbon, 
some of them have been substituent by nitrogen atoms. Thus, this semiconductor 
has a larger electron concentration, and the electrons are the majority carriers (N-
type). However, the opposite effect occurs with boron as the dopant (P-type).  
 
The type of semiconductor affects to the STM measurements. Our STM apply the 
voltage to the tip so, using a P-type semiconductor (C (110) doped with Boron), we 
can use only negative voltage values, so that we injects electrons to the sample 
because, in this type of semiconductor, the holes are the majority carriers. On the 
other hand, in the N-type semiconductor (C (110) doped with Nitrogen), we use 
positive voltage values, so we attract the negative charges from the sample. 
 
In our case, the diamond C (110) doped with Nitrogen has less density of dopant 
than the diamond C (110) doped with Boron, so it was more difficult to observe the 
LEED pattern because of a faster screen charging. Moreover, we cannot measure 
with the STM the clean surface of diamond with nitrogen, so we had to use AFM 
(Atomic Force Microscopy) to observe it. 
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Fig 5.8 shows the LEED patterns before and after growth graphene. Fig 5.8a 
corresponds to the clean diamond C (110) surface. The spots form a square 
structure indicated by red dashed lines. Fig 5.8b and Fig 5.8c is the LEED pattern 
obtained after growth graphene of diamond doped with Boron and diamond doped 
with Nitrogen respectively. In both cases, the corners of the gray dashed lines 
indicate new spots related to the graphene growth. The new spots indicate the 
emergence of a new cell: a 2×1. We have made a representation of a p (2 × 1) cell 
with the LEEDpat software124 in Fig 5.8d. There, we can observe how this picture 
corresponds to our experimental results. In this representation, we have included 
the domains, so it means that we have ordered structures in the two 
crystallographic directions of the diamond C (110), so it forms the p (2 × 1) and p (1 
× 2). 
 
 
Fig 5.8: a) LEED pattern of clean diamond C (110). Red dashed lines indicate the 
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spots and the square structure of this surface. It was taken at 130 eV; b) LEED picture 
of diamond C (110) doped with Boron after growth graphene for 30 minutes. The 
corners formed by gray dashed lines indicate the new spots related with graphene. 
This pattern corresponds to an energy of 131 eV; c) LEED image of diamond C (110) 
doped with Nitrogen after growth graphene for 30 minutes. The corners of the gray 
dashed lines indicate the new spots form a p (2 × 1) structure with two domains. The 
picture was taken at 90 eV; d) Representation of a p (2 × 1) structure on a square 
surface LEED pattern with two domains. One domain is related to the horizontal spots 
(p (2 × 1)) and the other one with the vertical spots (p (1 × 2)).  
 
Fig 5.9 shows the AES spectra performed in these samples. Here, we observe the 
difference of energy between the energy loss peak and the elastic peak of the 
clean (red line) and after growth graphene (black line) of the diamond C (110) (Fig 
5.9a). Similarly as observed for the diamond C (111) surface (Fig 5.3), the energy 
loss peak after growth graphene has moved away from the elastic peak. The 
energy difference varies from 28 ± 2 eV to 32 ± 2 eV. Here, the error is bigger 
because we have used a different step interval of energy (2 eV). Thus, this surface 
reproduces the same behavior observed before, and the energy difference is into 
the measurement error. Moreover, on both surfaces an attenuation of the elastic 
peak is observed after growth graphene.  
 
On the other hand, the AES spectra show we have only carbon in the sample. The 
peaks related with the dopants (boron (180 eV) or nitrogen (381 eV)) or with 
contamination (oxygen (510 eV)) do not appear. The carbon region is showed in 
Fig 5.9b. There, we compare the carbon peak (272 eV) before (red) and after 
growth graphene (black) and in both cases the peak is clearly indicated. 
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Fig 5.9: Comparison of AES spectra. The red line corresponds to the clean diamond C 
(110), and the black line is the spectra obtained after growth graphene for 30 minutes; a) 
The spectra show the elastic peak region. The difference between the energy loss and 
the elastic peak is indicated on the image. That difference increases after growth and 
the elastic peak attenuate; b) Spectra in the AES carbon peak region. In both cases, the 
carbon peak is identified (272 eV).  
 
Fig 5.14a and Fig 5.14b exhibit two pictures of the diamond crystal. The first 
corresponds to the diamond doped with Boron, which makes the crystal dark. 
However, the diamond doped with nitrogen (Fig 5.10b) keeps the transparency. In 
both pictures, the crystals are fixed to the sample holder by two tantalum strings, 
and a tungsten tip approaching to the surface can be observed. The diamond 
doped with boron has a square shape, and the one doped with nitrogen is 
rectangular. Moreover, the first one is thinner than the second one. 
 
 
Fig 5.10: a) Diamond C (110) doped with Boron; b) Diamond C (110) doped with 
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Nitrogen 
 
The STM images of the clean diamond C (110) doped with Boron show a very 
rough sample. The steps have a shape likes fingers and do not have flat regions. 
An image of the clean surface is the Fig 5.11. The significant roughness (much 
bigger than the diamond C (111)) of the surface prevents an observed change 
attributable to graphene after growth.  
 
 
Fig 5.11: STM image of the clean surface of diamond C (110) doped with Boron. Size:  
1.0 × 1.0 µm. Bias Voltage = -2.00 V. Set Point = 37.00 pA 
 
On the other hand, the clean diamond C (110) doped with Nitrogen has a low 
density of dopant, so we cannot measure STM because the sample does not 
conduct enough. We have used AFM to observe the clean surface (Fig 5.14). The 
AFM technique does not need that the sample is conductive because it is based on 
measuring the forces between the cantilever and the sample. The obtained images 
of the clean surface show long and tight steps. The pictures of the two clean 
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diamonds (Fig 5.12 and Fig 5.13) are the same size (1.0 × 1.0 µm) for a better 
comparison although they have been measured by different techniques. 
 
 
Fig 5.14: AFM image of the clean surface of diamond C (110) doped with Nitrogen. 
Size:  1.0 × 1.0 µm. Dynamic AM. Amplitude = 0.35 V. Set Point = -1.25. 
 
After growth graphene for 30 minutes, the diamond C (110) doped with Nitrogen 
conducts well so that we can use the STM technique. The images (Fig 5.15a and 
Fig 5.15b) show the same staggered substrate with a shadow forming islands 
linked together. The islands grow with a hexagonal shape, and a path between the 
bigger regions confirms we have growth graphene on the surface. The graphene 
has a low coverage, but it is in agreement with our estimations performed in the 
fourth chapter. Here, we have growth graphene for 30 minutes, so we have around 
half monolayer. 
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Fig 5.15: a) STM image of diamond C (110) doped with Nitrogen after growth graphene 
for 30 min. The shadows correspond to graphene regions. Size:  600.0 × 600.0 nm. 
Bias Voltage = -2.54 V. Set Point = 5.00 pA;  b) Smaller STM image of diamond C (110) 
doped with Nitrogen after growth graphene for 30 min. Here we have a closer view of 
the steps and the diamond and graphene zones. Size: 200.0 × 200.0 nm. Bias Voltage 
= -2.54 V. Set Point = 5. 00 pA. 
 
 
5.4 Calculations 
 
The procedure used in this part is similar to the one described in section 4.4 with a 
few exceptions. The convergence parameters are the same, but the exchange-
correlation functional employed is Local Density Approximation. We talked about 
this in section 2.10.1. The Monkhorst-Pack grid employed was 6 × 6 × 1, and the 
calculations have been performed with the CASTEP code too. 
 
First of all, the surface is created from a bulk unit cell always optimized with the 
same parameters and thresholds. Next, the 2 × 2 cell has been optimized with five 
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layers of the substrate to allow for relaxation of the distance between layers. 
Therefore, the original 2 × 2 cell have as cell parameters a,b = 5.03 Å, c = 26.48 Å; 
α,β = 90°, γ = 120°  for diamond C (111) and the cell parameter values after 
optimization are: a,b = 4.98 Å, c= 26.48 Å; α,β = 90°, γ = 120° (Fig 5.16). These 
last values have been used in all calculations of this part. The cell parameters are 
smaller because the system supports a surface stress compression. 
 
 
Fig 5.16: Two views of the 2 × 2 cell used in this section. The cell parameters and the 
A and B atoms of the surface are marked on them. 
 
We have looked for a system to reproduce the 2 × 2 pattern observed with LEED 
and STM techniques in section 5.2. Thus, we have designed a system formed by a 
buffer layer of one carbon atom between the graphene layer and the diamond C 
(111) surface. 
 
For this purpose, we have added a carbon atom on the surface with an initial 
distance of the surface of around 3.5 Å. The carbon atom is placed in four different 
positions: hollow, bridge, top A and top B. The two different top positions are 
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because every layer of diamond C (111) is formed by a bilayer, it means the 
carbon atoms have two separate z positions, so an A atom is the highest atom and 
the B atom is the lowest carbon atom of the bilayer. 
 
The initial and final positions obtained in the adsorption of one carbon atom on a 
diamond C (111) surface is observed in Fig 5.17. There, the carbon atom is 
adsorbed in top B or hollow position. The carbon atom goes down, and it links to 
another three carbon atoms of the diamond surface. 
 
 
Fig 5.17: Four initial conformations for one carbon atom (black) on diamond C (111) at 
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the left sides and the four corresponding final structures after geometry optimizations 
(right sides). Every picture is a 4 × 4 unit cell with the 2 × 2 cell marked by black lines 
(the cell used in these calculations). 
 
The adsorption energy of the carbon atom is calculated from:  
 
Eads = EC/C(111) - (EC + EC(111)) Eq (5.1) 
where EC/C(111) corresponds to the energy of the one carbon atom on the diamond 
C (111) in the final position, EC the energy of one carbon atom calculated in the 
vacuum and EC(111) the  energy of the relaxed substrate (five layers of the 2 × 2 unit 
cell).  
 
The adsorption energies for the four cases are collected in Table 5.1. All of them 
are negatives, so it means that all processes are exothermic. Thus, the adsorption 
of the one carbon atom is favorable. Moreover, the adsorption energy values are 
the same, so the initial position of the carbon atom does not have much 
importance. 
 
Initial 
position\Substrate 
C (111) 
Eads [eV] 
Bridge position -11.54 
Hollow position -11.46 
Top A position -11.61 
Top B position -11.56 
 
Table 5.1: Energy adsorption values (Eads) of one carbon atom on C (111) starting 
from the different positions described in Fig 5.17.   
 
On the other hand, the carbon atom is linked to three other carbons in either of the 
two final positions. The association energy for two carbon atoms (C-C) is -6.40 eV 
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and the association energy for two carbon atoms with one of them linked at the 
same time with another two carbons is -3.47 eV (the association energy of two 
atoms change if one of them is related to other species). These values give us an 
idea of what means -11 eV because the carbon atom makes three links with three 
atoms of the surface. 
 
Once it has been established the carbon atom adsorption at the Top B position of 
the diamond C (111) as the buffer layer, we added a single layer of graphene on it. 
The graphene layer is placed at 3.3 Å of the buffer layer. After geometry 
optimization, the graphene layer has gone down until link with the carbon atom of 
the buffer layer. Fig 5.18 shows the final situation of the system. There, the carbon 
atom of the buffer layer is orange to observe easier from the top view.  
 
 
Fig 5.18: Two views of the final structure after geometry optimization. Every layer of 
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the diamond C (111) is colored with a different gray tone to an easier visualization, the 
buffer layer formed by a carbon atom is orange, and the graphene layer is black.   
  
The adsorption energy of the graphene layer is needed to deduce if this system 
can be formed, so the eq. (5.1) is adapted to this new structure as: 
 
Eads = EG/C/C(111) - (EG + EC + EC(111)) Eq (5.2) 
 
where EG/C/C(111) is the total energy of the whole structure, EG the energy of a 
graphene layer into a 2×2 diamond C (111) cell, EC the energy of one carbon atom 
calculated in the vacuum and EC(111) the  energy of the relaxed substrate (five 
layers of the 2 × 2 unit cell).  
 
Thus, the adsorption energy is       -12.24 eV. The graphene layer is formed by 
eight carbon atoms in the 2×2 diamond C (111) cell, so the adsorption energy per 
surface carbon atom is     -1.11 eV, considering the surface carbon atoms are 
the eight atoms of the graphene layer. The negative value indicates a favorable 
adsorption as the result of an exothermic process. 
 
We have simulated the corresponding STM image of this structure (Fig 5.19) using 
CASTEP as the same way than the pictures of chapter 4 (section 4.5). The dashed 
lines indicate the 2×2 diamond C (111) cell we have performed the calculation of 
this chapter. The simulated image indicates a 2×2 pattern which corresponds to 
the experimental results obtained with the LEED and STM. 
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Fig 5.19:  Simulated STM image of the structure formed by graphene on diamond C 
(111) with a buffer layer of one carbon atom in top B position. Bias Voltage = +2.0 V. 
 
Before that, we performed the calculation for a single monolayer on diamond 
C(111). The geometry optimization indicates that the graphene layer is placed at 
3.66 Å on the surface and the final configuration of the graphene on the diamond 
without a buffer layer is showed in Fig 5.20a. We apply the Eq (5.1) to obtain the 
adsorption energy of the graphene layer on diamond, in a way that the adsorption 
energy is defined by: 
  
Eads = EG/C(111) - (EG + EC(111)) Eq (5.3) 
 
In this case, the adsorption energy per surface carbon atom is     -1.72 eV, so 
that structure is more favorable energetically that the buffer layer structure. 
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We have simulated the STM image for this structure (Fig 5.20b), and that image 
corresponds to a 1×1 pattern. So, the experimental results do not match with the 
formation of graphene on diamond C(111) without a buffer layer between them. It 
does not mean that we have regions with this configuration, but, in the LEED 
results, the 2x2 signal would be superimposed to the 1x1, and, in the STM 
technique, this structure is much harder to observe in the images. 
 
 
Fig 5.20: a) Two views of the final structure after geometry optimization. Every layer of 
the diamond C (111) is colored with a different gray tone, and the graphene layer is black; 
b) Simulated STM image of the left configuration.The image corresponds to a 1×1 
structure. Bias Voltage = +2.0 V 
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5.5 Discussion 
 
The aim of this chapter is growth graphene on diamond. For this purpose, we have 
used the MBE solid carbon source described in Chapter 2 and several techniques 
to verify the existence of graphene on the surface. LEED technique indicates we 
have ordered structures after graphene growth on the both diamond surfaces. 
These structures change the LEED patterns of the clean diamond surface to two 
different periodicities (p (2×2) for C (111) and p (2×1) for C (110)). On the other 
hand, AES confirms that the ordered structures are made of carbon and the 
distance between the energy loss and the elastic peaks change in the same 
direction and value. 
 
Furthermore, STM images let observing the 2×2 ordered structure in C (111) in 
agreement with the LEED pattern and islands with hexagonal shape in C (110). 
The model to explain the 2×2 structure is showed in section 5.4. The calculation 
indicates that the existence of this structure is energetically favorable and the STM 
simulated image matches with the experimental one. 
 
The model is based on the existence of a buffer layer between the graphene and 
the diamond C (111) surface. First, we tested if it is possible to obtain the buffer 
layer by adsorption of one carbon atom on the diamond surface. The carbon atom 
could be close to the surface at different positions but, as the carbon atom 
approaches towards to the surface, it changes the initial x-y position and it tends to 
move to Top B position. 
 
In the calculation part (section 5.4) we have also check that the adsorption of a 
graphene layer on diamond C (111) is energetically favorable, but the simulated 
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STM image shows a different structure to the experimental results (a 1×1 
structure). So, both structures (with and without buffer layer) can co-exists on the 
surface, and the second one would not observed by the experimental limitations. 
 
Raman spectroscopy shows that the related peaks to graphene appear in the 
diamond C (111) surface and this graphene is made of patches. These are regions 
of graphene with different orientations and with a 2 × 2 periodicity as we observe in 
the STM images. Moreover, we have growth less than a graphene monolayer. We 
have growth graphene for 30 minutes and considering the estimated ratio for the 
MBE solid carbon source (3 × 10− 4 ML/s), in that period we growth half graphene 
monolayer. 
 
On the other hand, despite the diamond crystals are doped, the cleaner process or 
the low density of dopant (in the case of the diamond C (110) doped with nitrogen) 
makes every trial harder to test the graphene existence with our experimental 
techniques. For example, the STM technique is limited to conductive samples, so 
we cannot use it to observe the clean diamond C (110) surface doped with 
diamond. Thus, this technique is better to be used after growth graphene because 
this material conducts well. Moreover, we can only use the STM at determined bias 
voltages with the doped diamond (the dopant type affects if we can use positives or 
negatives bias voltages). However, the existence of graphene let us using both 
voltages ranges. Moreover, the diamond surfaces are too rough in comparison with 
the usual surfaces used with STM. It makes it harder to verify the graphene 
existence on the surface. Trying to prevent all these difficulties, we use X-Ray at 
low angle in the ESRF, BM-25 (Spline): However, the obtained results were not 
good to analyze, despite reproducing the 2×2 structure.  
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6.1 Introduction 
 
The control over the functionality, size, and shape of new nanostructures is a major 
goal in nanoscience128,129. The bottom-up strategies for forming on surface 
nanostructures by direct sublimation of their building blocks under UHV conditions 
has been shown as an excellent approach to this goal130. However, the stability of 
the molecule to allow sublimation without structural damage presents a limitation, 
so there are few nanostructures formed by a combination of metal and organic 
molecules131,132. Moreover, these metal-organic structures have been obtained by 
subsequent sublimation of both building blocks or by the reaction of the organic 
molecules with the metal atoms form the substrate133,134. 
 
 
Fig 6.1: Illustration of Cu4Cl4 structure from two different views. 
 
For this reason, in most of the previous studies of major complex molecules on 
surfaces, the molecules were transferred from a solution135–140 or by a dry imprint 
technique to the substrate141 to preserve the weak core. In this section we focus on 
a transition metal complex [Cu4(m3-Cl)4(m-pym2S2)4] (pym2S2= di-pyrimidine 
disulfide) (named Cu4Cl4) with a robust structure
142 (Fig 6.1). We have shown that 
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we are able to sublimate them keeping its molecular integrity and how they self-
assemble without being disrupted by the surface (section 6.2).  
 
The sublimation has been performed in UHV conditions, allowing the formation of 
new nanostructures on the Cu (110) surface (the chosen substrate in this chapter) 
and the use the surface techniques of our chamber. 
 
On the other hand, the synthesis and characterization of Cu4Cl4 (Fig 6.1) complex 
have been reported142 showing interesting physical and chemical properties. This 
molecule has the capability to change its structure from a 3D robust structure to a 
2D-coordination polymer [Cu(µ-pym2S2)( µ -Cl)]n∙nS (S = H2O or EtOH) when 
exposed to water or ethanol. However, the transformation of these big metal-
organic molecules in solution is clearly altered by the role of the substrate (in this 
case Cu (110)), so we have observed in situ how the self-assembled molecular 
chains transform into other smaller chains induced by water (section 6.3).  
 
6.2 Self-organization of Cu4Cl4 metal-organic cluster on Cu 
(110) 
 
The sublimation procedure is described in section 2.9. Before that, the Cu (110) 
surface was clean as it is explained in section 2.6.1 (Surface preparation - Metallic 
samples). 
 
After sublimation, the LEED pattern has changed from a rectangular unit cell 
corresponding to the clean Cu (110) surface (Fig 6.2a) to a p (5×3) (Fig 6.2b). The 
new spots indicate that an ordered superstructure cover the surface. To obtain this 
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LEED scheme, we sublimate the molecules approximately for 30 minutes, so for a 
rate of 1 ML/hour the molecules coverage corresponds to a 0.5 ML. 
 
 
Fig 6.2: LEED patterns: a) clean surface of Cu (110) at 108 eV; b) LEED scheme after 
depositing 0.5 ML of Cu4Cl4 molecules on the copper surface. The pattern corresponds 
to a p (3×5) superstructure. The image is taken at 95 eV. 
 
The STM images show a self-organized structure on Cu (110) surface. The 
complex structure of Cu4Cl4 molecules allow a high level of interconnections, so 
any particular motif in the STM images can be related to the Cu4Cl4 molecules. In 
this case, a molecular network is observed. It is formed by a double-bumped row 
surrounded by dark, undulating stripes (Fig 6.3). These lines are placed along the 
[1 1 0] surface crystallographic direction.  
 
The surface coverage can be modulated by the deposition time (Section 2.9). This 
way, Fig 6.3a corresponds to a low coverage of molecules (30 minutes of 
sublimation, half monolayer). In the case of high coverage (Fig 6.3b, 60 minutes of 
sublimation) the stripes are much longer than at low coverage, and the chains are 
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stacked. On the other hand, we observe that the stripes morphology does not 
depend on the bias voltage in the range on ±2.0 V. 
 
 
Fig 6.3: a) STM image of low coverage of Cu4Cl4 assembled stripes (30 min, 0.5 ML) 
on Cu (110). Size: 25 × 25 nm; Bias Voltage: -1.0 V and Set Point: 2.0 µA; b) Picture of 
high coverage of self-assembled molecules (60 min). The chains are very long and 
filled the entire surface. Size: 200 × 200 nm; Bias Voltage: -0.8 V and Set Point: 33.0 
µA 
 
In a closer view of the stripes (Fig 6.4a) we observe small defects along the 
molecular array, as missed bumps in some cases, but generally, the lines show a 
pretty regular appearance. Even so, the most probable defect is the result of a lack 
of local order between two molecules. On the other hand, an analysis of the STM 
images let us estimate the number of defects to be smaller than 5%. 
 
In the Fig 6.4a, we have indicated the distance between the ends of two 
consecutive lines formed by bright bumps with a dark stripe in the middle (1.8 nm) 
and the distance between the center of the bumps (0.9 nm) with the same 
orientation. The 1.8 distance corresponds to the width of the chain. On the other 
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hand, the distance between two consecutive bumps in the [110] crystallographic 
direction is 0.76 nm. These two values characterize the molecular assembly and 
are in good agreement with the distance between five and three copper atoms of 
the substrate in the same directions. A representation of the Cu (110) surface with 
the distances on it is placed in Fig 6.4b. The high level of the molecular 
organization detects by STM is reflected in the 5×3 diffraction pattern obtained by 
LEED (Fig 6.2b). These observations indicate that the interaction of the molecules 
with the metal surface plays a major role in the stabilization of the macromolecular 
assembly. Moreover, sometimes we observe in the STM images with a medium 
coverage that the molecules diffuse on the copper surface and change their 
positions. This fact indicates that the interaction between the molecules and the 
substrate is not so high. 
 
 
Fig 6.4: a) STM image of the molecular array. The width of the chains and the periodicity 
are indicated on it. The Cu4Cl4 structure shows several defects, but the amount of them 
is not significant. Size: 10 × 10 nm; Bias Voltage: -0.75 V and Set Point: 0.2 nA; b) 
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Representation of the Cu (110) surface. In the figure the corresponding distances is 
indicated to five and three copper atoms in each direction. The use of two pink tones 
marks out two different layers of the substrate.     
 
To go from the STM images to the molecular structure when complex molecules 
are involved is a hard task. To overcome this problem, Jose Ignacio Martinez 
(theoretic scientist of our group) has carried out ab-initio atomistic and molecular 
dynamics simulations STM-DFT on different possible organizations of Cu4Cl4 on 
the copper surface surface143. 
 
He combined the localized-basis-set and plane-wave schemes as implemented in 
the FIREBALL144 and PWSCF145 simulation packages, respectively. A perturbative 
van der Waals (vdW) correction was used to check the reliability of the adsorbed 
adlayer configuration, as well as the adsorption distance and energy. Additionally, 
in our STM approach, tunnelling currents for the STM images were calculated 
using a Keldysh–Green function formalism, together with the first-principles tight-
binding Hamiltonian obtained from the local-orbital DFT-FIREBALL 
method144,146,147. 
 
The theoretical calculations indicate the geometrical structure for the gas-phase 
molecule change when it is adsorbed on the Cu (110) (Fig 6.5a). The molecule 
suffers an accommodation on the surface, and the initial leg positions are modified, 
so the metallic-core of the molecules is displayed as a depression in the STM 
images (Fig 6.5b). In the figure, it is possible observe the STM simulated image 
next to the experimental one. There, the molecular model is drawn on the 
calculated STM image and it supports that the metallic-core of the molecule is 
displayed darker at the STM images. 
 
6. Reaction of a metal-organic complex on Cu(110) 
Self-organization of Cu4Cl4 on Cu (110) 
  163
 
 
Fig 6.5:a) Schematic model of the molecule on Cu(110). The geometry optimization 
indicates that the molecule is placed at 1.5 Å on the copper; b) STM images with the [001] 
surface direction corresponding to the horizontal axe; left side: simulated STM image 
obtained for the same conditions than in the experiment. In that part, it is possible observe 
the structural model represented in Fig 6.6 overimposed to the STM image; right-side: 
experimental STM image of the self-organized compound. Set Point=0.25 nA and Bias 
Voltage=-0.75 V. 
 
The assembly of the molecules is the result of p-p interactions between the di-
pyrimidine rings of the Cu4Cl4 legs. In this way, a parallel-displaced π-π stacking of 
the rings create this intermolecular bonding (Fig 6.6) and form the supramolecular 
array along [110] direction. The calculations verify that the structural and chemical 
integrity of the metal-organic core is preserved. The Fig 6.6 shows the molecular 
assembly schematically. 
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Fig 6.6: Schematic representation of the molecular assembly. The molecule keeps the 
pink and green colors for copper and chlorine atoms respectively. The blue color 
corresponds to the legs of the molecule closer to the substrate (down part of the 
Cu4Cl4), and the orange color identifies the legs farther to the Cu (110) surface (in the 
up part of the molecule). The dashed lines mark out the displaced π-π bonds between 
the legs of the same color. Moreover, the stacking is also formed by other weak 
interactions as Hydrogen bonds. 
 
 
6.3 Reaction induced by water 
 
As we indicate above, the Cu4Cl4 structure suffers changes in a water 
environment142. This idea conducts the experiment to observe what happen after 
the self-organization of the molecule on a Cu (110) surface in a pure-water 
environment. For this purpose, we have introduced mili-q water in the ultra-high 
vacuum chamber using an increasing flux until 2×10-9 mbar. The water is 
introduced via a water vessel and a leak valve. The water has been pre-purified by 
several pumping cycles when the water is frozen.   
 
The LEED pattern after the pure water exposure has changed from a p (3×5) (Fig 
6.2b) to a p (2×1) (Fig 6.7a). This new structure corresponds to the LEED pattern 
of oxidized copper148,149. The Fig 6.7b illustrates the positions of the oxygen atoms 
on the copper surface. This way, the copper unit cell is indicated by a black line, 
and the corresponding cell to the new LEED pattern (p (2×1)) is marked by dashed 
lines. 
 
This transformation implies that the water molecules (or part of them) break up. 
The capability of the copper to broke water molecules is a controversial issue. 
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Several works about water adsorption in copper surfaces has been published150–159 
reporting two main lines of opinion. Some authors have reported that water 
molecules do not break on copper at any temperature, but small amounts of 
oxygen promoted the decomposition152. On the other hand, organized structures of 
water on copper at temperatures below 195 K have been reported151,159 and the 
partial decomposition of water molecules occur between 170-190 K155–158, so a 
consensus developed that this temperature is the lower limit for the water 
dissociation on copper.  
 
 
Fig 6.7: a) LEED pattern of a p(2×1) structure. It corresponds to the reconstruction of 
Cu (110) with oxygen. The pink dashed lines indicate the Cu (110) unit cell. E= 44 eV; 
b) Representation of the atoms positions in the reconstruction of Cu (110) with oxygen. 
Black solid lines indicate the Cu (110) unit cell and black dashed lines mark out the 2×1 
cell related to the reconstruction. 
 
Our experiments have been performed at room temperature, so in any case the 
temperature was above 195 K. Thus, the water molecules dissociate on the copper 
surface.  Then, the oxygen or the OH- re-organized on the surface as it is 
illustrated in Fig 6.7b. 
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At the moment we are introducing water molecules in the ultra-high vacuum 
chamber we can measure the copper surface with the STM simultaneously (the 
STM let us observe the changes in the surface). The images show new black 
areas (Fig 6.8a) and new shorter and less bright chains aligned with the original 
ones.  Progressively, a number of black regions increase (Fig 6.8b) and the long 
stripes formed by Cu4Cl4 molecules are shortened. This way, these images show 
the etching process due to the water exposure. 
 
Among these new elements, it is possible to observe the 2×1 reconstruction 
covering the surface (Fig 6.8c).  There, the long original stripes are shortened and 
intercalated with the new ones. The reconstruction is also showed in a closer 
image in Fig 6.8d. It is formed on the entire surface, so it has enough presence to 
give the Fig 6.7a pattern. Moreover, in Fig 6.8d, the black and bright new areas are 
also observed. 
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Fig 6.8: a) STM image at the beginning of the water exposure. The black regions are 
appearing, and new short chains are forming aligned to the previous molecular lines 
Size: 100 × 100 nm; Bias Voltage: 1.65 V and Set Point current: 1.0 µA; b) 
Topographic appearance of the surface 39 min after the Fig 6.8a. The black regions 
have increased, the original stripes have shortened, and there are more short lines on 
the surface. Size: 100 × 100 nm; Bias Voltage: 1.65 V and Set Point current: 1.0 µA; c) 
This picture corresponds to the surface 66min after 6.7a. The 2×1 reconstruction is 
easily observed, the stripes of Cu4Cl4 are shorter, and there are fewer amounts of 
them. White balls are distributed on the surface; they are rest of molecules. Size: 60 × 
60 nm; Bias Voltage: 1.65 V and Set Point current: 1.0 µA; d) A close view of the 
surface in the same period of 6.7c. The reconstruction and the other elements 
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described before are observed. Size: 14 × 14 nm; Bias Voltage: 1.65 V and Set Point: 
1.0 µA. 
 
On the other hand, the reaction induced by water molecules does not stop in this 
step. We observe the evolution of the surface appearance, and eleven hours later, 
it is completely different. The water molecules, the ions from the water dissociation 
and the dark islands from the surface continue interacting with the stripes of 
molecules (the short new ones and the long and bright chains).  
 
The LEED pattern has transformed into a kind of c (2×2) cell where the center spot 
is unfolded in four ones (Fig 6.9a). The copper unit cell is indicated with the pink 
dashed lines and in the down left corner has placed a representation of a c (2x2) 
cell. This scheme has obtained with the LEEDpat software124. This reconstruction 
is reported in the bibliography as a sulfur atoms organization on Cu (110) after the 
surface had interacted with oxygen atoms forming a p(2×1)160,161. So, we have 
reproduced this process. Thus, we can extract from this information that we have 
free sulfur atoms on the surface, and therefore our molecules broke and release 
them. Afterwards, they react with the oxygen from the surface. 
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Fig 6.9: a) LEED pattern of a c(2×2) with the unfolded center spot in four ones. In the 
down, left corner the corresponding representation obtained with LEEDpat is placed. In 
both cases, the unit cell of Cu (110) is indicated with pink dashed lines. E = 67 eV; 
Scheme of the sulfur distribution on the Cu (110) in agreement with the literature and 
the LEED pattern. The copper unit cell is indicated by solid black lines.    
 
The model related to the sulfur reconstruction on Cu (110) is illustrated in Fig 6.9b. 
The sulfur atoms are positioned in the center of a copper unit cell (indicated with 
black lines forming a rectangular shape), but they are not in all copper cells of the 
surface. This organization of the sulfur atoms is only obtained with an oxidized Cu 
(110) surface. This way, it is reported in the literature by several works related to 
this topic160,161 where we can extract some conclusions: 1.) the sublimation of 
oxygen atoms on Cu (110) forms a p (2x1) structure as the model in Fig 6.7b. After 
that, a sublimation of sulfur atoms reorganizes the structure forming a c (2x2) as it 
is illustrated in Fig 6.9b; 2.) the sublimation of sulfur atoms on a clean Cu (110) 
surface do not make an organized structure, and the sulfur atoms form clusters on 
the surface;  3.) however, if oxygen atoms are sublimated on a Cu (110) with sulfur 
clusters on it, the sulfur atoms re-organize forming a c (2x2) as Fig 6.9b.  Thus, the 
oxygen plays an essential role in this reaction.  
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On the other hand, the STM images show a different situation (Fig 6.10a). The 
stripes observed before water sublimation (section 6.2) have now less population 
and there are new chains distributed on the surface. The black areas have 
disappeared (Fig 6.8) and new chains are forming 60° with the brighter chains. 
Moreover, it is possible to observe rest of molecules as bright balls covering the 
areas between the chains. These rests of molecules began to appear from the 
beginning to the miliQ-water sublimation. 
 
 
Fig 6.10: a) Topographic STM image showing the surface before water sublimation with 
molecular chains and other new ones with a different appearance. These new stripes 
form 60 ° with the first lines as it is indicated in the figure. Size: 30 × 30 nm; Bias 
Voltage: -1.6 V and Set Point current: 10.0 µA; b) STM picture showing sulfur islands. 
These islands cover the surface around the different chains and the bright balls 
observed on the surface. Size: 12 × 12  nm; Bias Voltage:  -1.7 V and Set Point: 20 µA 
 
Zoom images let us to observe between stripes and rest of molecules that the 
surface is covered by sulfur islands (Fig 6.10b). These islands are the reason for 
the new LEED pattern, showing an appearance in agreement with the geometrical 
model (Fig 6.9) and with other reported results160,161. 
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It is useful to get a good characterization of these new stripes to understand the 
main differences with the original ones and elucidate how they can be formed. This 
idea leads us to compare the periodicity and the width of the two types of chains. In 
a simple view of an STM image (Fig 6.10a), the periodicity along the new chains is 
apparently lower, so the molecules are more packed. A comparison profile is 
performed along the new and original chains as shown in Fig 6.11a. The 
corresponding images are next to the graph, with arrows indicating where the 
profiles were taken. In the graph, the distance between six bumps of the first 
stripes corresponds to twelve bumps of the new chains approximately. So, the new 
stripes have a periodicity close to the half of the one of the stripes before water 
sublimation. In fact, the average distance between two bumps of the new chains is 
0.45 nm (The periodicity of the original stripes is 0.76 nm as it is indicated above). 
This value has been obtained from an average of the profiles from different images 
and chains. 
 
On the other hand, the width of the new and original stripes is also compared 
through transversal profiles (Fig 6.11b). The width of the original stripes was taken 
from the distance end-to-end of the chain (1.80 nm) and the distance between 
centers of the bumps (0.90 nm), but the width of the new stripes are characterized 
only by the heart of the bumps. The new chains are darker than the originals, and 
the transversal ends of them are diffused with respect to the other things on the 
surface, anyway the distance bump-to-bump is around 1nm and the total width of 
the stripes 1.9nm. 
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Fig 6.11  a a) Comparison of profiles along the two types of chains. The corresponding 
images to the profiles are placed on the right side with two arrows indicating the profile 
direction; b) Comparison of profiles of the width across the two types of chains. The 
corresponding images are next to the graph with two dashed lines indicating the profile 
direction.  
 
The transversal profiles show that the new chains are slighty wider than the original 
stripes. The estimation from the average width of the new stripes is 1.00 nm 
(distance between the brightest zones of the bumps), so they are at around 0.10 
nm wider than the first lines. 
 
The two corresponding images of the transversal profile are placed next to the 
width comparison (Fig 6.11b), and a line on every image indicate the direction of 
the profiles. 
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The experimental results lead us to the idea that water molecules induce a reaction 
of the stripes of Cu4Cl4 molecules on the Cu (110) surface, in a way that the 
molecules break and release sulfur atoms. The resulting new molecules, without or 
with fewer sulfur atoms, organize on the Cu (110) to form new chains. On the other 
hand, DFT calculation determines that the self-organization of the molecules by π-
interactions force the molecules to keep “stand up”, it means that there are two 
legs (di-pyrimidine disulfide) close to the Cu (110) surface and two other ones 
away.  
 
We focus on the possible reactions which can be involved between these legs to 
clear up the structure of the molecule and forming the new stripes. Based on the 
literature162 we have established several mechanisms of reaction to obtain three 
possible final structures. These mechanisms are showed according to the bond 
valence model, which is an easy way to represent a solid structure (Fig 6.12- Fig 
6.14). 
 
In all of these mechanisms, we have to consider that the copper from the surface 
links to the molecule as a metallic complex, but this is a weak interaction. 
Moreover, the reactions occur at the legs of the Cu4Cl4 (di-pyrimidine disulfide), so 
we have represented one of them as a way to simplify the scheme. This way, the 
rest of the molecule is represented as a red R. On the other hand, these 
mechanisms can be given by an asymmetric or a symmetric reaction. It means that 
the di-pyrimidine disulfide is a symmetric structure and the reaction can form in one 
part of it or two parts at the same time symmetrically.  
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Fig 6.12: Scheme of two mechanisms of reaction which conclude in the same structure 
of the molecule (at the right side): the structure A.   
 
The first structure (Fig 6.12) can be given through two different mechanisms, one 
symmetric and another one asymmetric. In the initial state, the leg of the molecule 
is interacting with the copper of the surface weakly. After water sublimation, the 
copper from the surface oxidizes, and the dissociated water molecules react with 
the molecule. In the asymmetric case, the OH- links to the carbon of a ring and the 
rest of the di-pyrimidine disulfide breaks free, and in the symmetric case, two 
dissociated water molecules react at the same time with a carbon atom of the 
every ring.  The final configuration for our molecule is the same, but the rests from 
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the reaction differ. In the symmetric case, the sulfur atoms are linked with the 
copper from the surface, and it can give an explanation of the sulfur islands 
formation, however, in the asymmetric case, the free part can continue reacting 
with the surface in subsequent events, and a similar final situation can be formed. 
Here, we have not gone deeper in that part. These two mechanisms have as result 
the colored molecule next to them.  
 
The second structure (Fig 6.13) is the result of an asymmetric mechanism. Like the 
first case, the copper from the surface has a weak interaction with the leg of the 
molecule. After water sublimation, the bond between the two sulfur atoms breaks, 
in a way that one of them links to a hydrogen from the dissociated water and the 
other one links to the oxidized copper from the surface. Then, the OH- links to the 
sulfur atom of the free part of the molecule. The new molecule obtained from this 
mechanism is placed next to it. 
 
 
Fig 6.13: Structure B (at the right side) as one of the possible molecules that can be 
formed by water sublimation. It consists of asymmetric mechanism of the reaction.  
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The third possible structure (Fig 6.14) can be formed by two different mechanisms 
as the first, one asymmetric and another one symmetric. In both cases, the copper 
is interacting weakly with the legs of the molecule. After water sublimation, the 
copper substrate oxidizes. In the asymmetric scheme, the di-pyrimidine disulfide 
breaks between the two sulfur atoms, in a way that a sulfur atom link to hydrogen 
and this part release from the rest of the molecule. The other sulfur atom is 
connected to an OH- at the end of the reaction. The symmetric mechanism allows 
the interaction of two dissociated water molecules with the sulfur atoms at the 
same time. In that way, the bond of the two sulfur atoms brakes and they link to 
two OH-. In both mechanisms, the surface is involved in the reaction, but at the 
end, it keeps clean. In principle, the copper atoms do not link to another species at 
the end of the reaction. However, the free part of the original molecule can 
continue reacting with the surface until the formation of the sulfur islands. The 
complete obtained molecule from these mechanisms is situated at the right side of 
the schemes, and the color legend indicates its composition. 
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Fig 6.14: Structure C of the molecule (at the right side) and two different mechanisms to 
form it.  
 
Consequently, we have performed the geometry optimization of these three 
structures to obtain which is the most energetically favorable transformation. The 
convergence parameters employed are the same as in section 4.4, including the 
exchange-correlation functional. The Monkhorst-Pack grid used is 1 × 1 × 1, and 
the calculations have been performed with the CASTEP code. 
 
The molecules (the molecule before water sublimation and the three possible 
resultants) are compounded by a huge number of atoms (70-88). In addition, each 
molecule has to be separated in the cell without interacting with other molecules, 
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so we have used a Cu (110) supercell of 7x7. In a first moment, we placed each 
molecule on the copper surface but the systems are compounded by 315-333 
atoms (molecules + 5 layers of copper atoms in a 7x7 supercell), so we find some 
troubles for the convergence process. The calculation was very slow, and we 
needed a lot of RAM memory and a number of processors for every calculation. On 
the other hand, the copper substrate affects to the activation energy of the 
reaction, but the initial and final energy of the molecule should be the same, so we 
have performed these calculations to obtain the transformation energy by using the 
molecules alone in the cells. Here, we consider the ions of the dissociated water 
for the transform energy calculation because the water has been broken with the 
copper interaction. 
 
The energy of the each reaction is calculated from:  
E = (EA + ERA) – (ECu4Cl4 + 2EOH) Eq (6.1) 
E = (EB + ERB) – (ECu4Cl4 + 2EH) Eq (6.2) 
E = (EC + ERC) – (ECu4Cl4 + 2EOH) Eq (6.3) 
 
Where EA, EB, and EC are the energies for the structure A, B and C of the 
molecules respectively and ERA, ERB and ERC the energies for the corresponding 
free rests of each one. ECu4Cl4 is the energy for the molecule before the water 
sublimation, and EOH/ EH is the energy of the dissociated water part involved in the 
structure of the last molecule (OH- or H+).  
 
The values of the transforming energy are collected in Table 6.1. These values 
indicate that the energetically most favorable transformation is the change from the 
molecule before sublimation to the molecules with the A structure. The negative 
value is related to the exothermic nature of the transformation, and it denotes a 
spontaneous process. 
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 A B C 
Energy [eV] -14.64 -3.37 -11.12 
 
Table 6.1: The table collects the values for the transforming energy from Cu4Cl4 to 
each one of these three. The values have been calculated with the equations 6.1 - 6.3. 
 
On the other hand, the absolute value of -14.64 eV can be significant, so we focus 
on the break of a di-pyrimidine disulfide. We have isolated this compound and the 
two final products (2-pyrimidinol and pyrimidine disulfide) to obtain the energy 
involved in this transformation. Applying the above equations, we have calculated 
this energy with: 
 
E = (EPOH + EP2S) – (E2P2S + EOH) Eq (6.4) 
where EPOH, EP2S, and E2P2S are the energies for the 2-pyrimidinol, the pyrimidine 
disulfide, and the di-pyrimidine disulfide respectively. 
 
In this case, the final energy of this conversion is -7.37 eV. This value is almost half 
of the transformation energy of the whole molecule where two di-pyrimidine 
disulfides are implicated, so the result obtained from Eq(6.1) is due to the breaking 
of the two legs at the sulfur-carbon bond and creation of new bonds as the C-OH. 
 
The Fig 6.15 illustrates these components to facilitate the identification with the Fig 
6.12 and the comprehension of the energy from Eq (6.4). 
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Fig 6.15: Illustration of the involved elements of the transformation to obtain the 
Structure A as a result of the reaction induced by the water in the Cu4Cl4 molecules. 
 
In conclusion, the chemical mechanisms and the energetic calculation determine 
that the most energetically favorable transformation is the one from the structure of 
the molecule before water sublimation (Cu4Cl4) to the structure A (Fig 6.12). Thus, 
we have built a model of a molecular chain with the structure A and taken into 
account the distances observed in STM. Placing four units of this structure on two 
layers of the copper surface Cu(110) we have performed an STM simulation with 
CASTEP. The substrate has been previously optimized using a Cu (110) super-cell 
(10×10) as well as the geometric structure of the molecules on the surface with the 
same parameters as above.  
 
 
Fig 6.16: STM image simulation of four Structure A molecules on two Cu (110) layers. 
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Up, right is placed a corresponding experimental STM image to an easier comparison. 
The width and periodicity of the STM image are indicated on it. 
 
Fig 6.16 shows the STM simulated image and the up, right corner displays an STM 
experimental image of the new chains observed after water sublimation. We have 
changed the color code of the experimental image for a better comparison between 
both. The model corresponds nicely with the periodicity and the width of the new 
chains: 0.47 nm and 1.12 nm respectively for the model, in good agreement with 
the experimental values of 0.45 nm and 1.00 nm. So the broken of the two di-
pyrimidine disulfides close to the Cu (110) induces a molecular reorganization of 
the chains, in a way that the distance inter-molecular is almost half of the distance 
before water sublimation. The two other di-pyrimidine disulfides, far from the 
surface, extent their positions and increase the width of the chain.  
 
6.4 Discussion 
 
In this chapter, we have studied the transformation of a metal organic cluster on a 
Cu (110) surface induced by water. First, we analyze the self-assembly 
organization that the molecules acquire. The LEED and STM techniques and the 
DFT calculation determine that the molecules form stripes where the middle of the 
molecules give a dark contrast in the STM. The inter-molecular π interaction 
between the legs of the molecule (the di-pyrimidine disulfides) is the reason for this 
assembly. The width and periodicity of these chains are 1.8 and 0.76 nm 
respectively. These values correspond to the distance between 5 and 3 copper 
atoms of Cu (110) in the two directions, so it is in agreement with the LEED pattern 
observed (p (5×3)). 
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After water sublimation, the water molecules dissociate on the copper surface. The 
surface reconstructs with the oxygen forming a p(2×1) as it is reported148,149. At the 
end of the reaction, the black islands observed at the sublimation have 
disappeared, and the new short chains have changed to a different appearance. 
Now, they are less bright, wider (1.00 nm), with low periodicity (0.45 nm) and they 
form 60° respect to the original chains. It means that the new chains are placed 
along the [111] crystallographic direction of Cu (110). The differences between the 
width and the periodicity can be observed in Fig 6.10. Besides the two types of 
stripes, the surface shows a lot of rest of broken molecules with an appearance as 
bright balls. Under all this, the copper is covered by sulfur islands forming a c(2×2) 
ordered structure. 
 
Regarding the mechanism of the reaction and due to the chemical nature of the 
elements involved, at least five different reactions can be given with three different 
molecules as resultant products. An estimation of the transformation energy 
establishes one of them as the most favorable (structure A, Fig 6.12). Even so, it is 
worth pointing out that the two structures with better values for the transforming 
energy are the two with the legs link to OH-(structures A and C; Fig 6.12 and Fig 
6.14). Thus, the OH- helps to stabilize this molecule better than the hydrogen atom. 
 
The analysis of the transformation of one isolated leg of Cu4Cl4 (di-pyrimidine 
disulfide) in 2-pyriminidol and pyrimidine disulfide (the products of the mechanism 
to obtain the structure A) establish that the break and the formation of the bonds C-
S and C-OH is an exothermic process which invests -7.37 eV. That value is a half 
of the total energy implicated in the transformation energy from Cu4Cl4 to structure 
A. Thus, it indicates that the whole transformation energy is due to the changes 
with the two legs close to the copper surface. 
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On the other hand, the reason for the conversion of Cu4Cl4 to one specific 
molecule (structure A) is the most energetically favorable does not mean that it is 
the only molecule on the Cu (110) co-existing with the Cu4Cl4 ones. In fact, the 
most probable thing is that the two other molecules, or at least the structure C, 
have a presence, to a lesser degree, on the surface.  
 
Moreover, we propose a model for the observed chains using units of the structure 
A. The STM image simulation of four molecules with structure A on Cu (110) (Fig 
6.16) shows a similar appearance that the observed in the experimental images. 
Moreover, the characterization parameters as the width and the periodicity are in 
good agreement with the experimental ones. 
 
So, in this chapter, we have faced to two different challenges: a) we have 
sublimated a huge molecule in ultra-high vacuum environment without molecular 
disruption; and b) we have analyzed the chemical reaction carried out on a copper 
surface.  
 
7. General Conclusions 
  185
 
 7. General Conclusions 
 
I. In this work, we show a new method to growth graphene. It is based on the 
direct sublimation of atoms or compounds made of carbon on a surface. 
This methodology can be summarized as a solid carbon source through 
which a current between 14.0 -18.0 A pass in a UHV environment. In our 
case, we have characterized that the used current in the graphene growth 
(14.0 A) sublimates atomic carbon as the main mass.  
 
II. The Clausius-Clapeyron equation has allowed obtaining the specific latent 
heat of different species. The results reveal that the diatomic carbon is 
especially hard to sublimate in comparison with other ones. Even so, the 
diatomic carbon has much presence during sublimation, and it increases at 
higher temperatures. 
 
III. Based on the values for the specific latent heat and the percentages of 
presence, we can conclude that the solid carbon filament is mainly made of 
mono- and di- atomic carbon species, and there are other ones in minor 
quantity. 
 
IV. We have demonstrated the efficiency of our method in the growth of 
graphene on substrates with different characteristics: two metallic substrates 
(Pt (111) and Au (111)) and two different surfaces of diamond (C (111) and 
C (100)) doped with boron or nitrogen (they have a semiconductor 
behavior). We have annealed these substrates at lower temperatures that 
the reported in the literature to growth graphene. Those temperatures are 
G/Pt (111): 923 K; G/Au (111): 823 K; G/C (111) and G/C (100): 1273 K. 
The difference between the values of G/Pt (111) and G/Au (111) is due to 
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the diffusion barrier of one carbon atom on each surface. The carbon atom 
needs 60 K extra to jump from a cell to the neighbor one on platinum. 
 
V. Graphene on Pt (111) covers large areas. The main graphene orientation is 
the moire of 19° (observed in the LEED pattern). However, it is hard to 
observe because the periodicity is small (7.1 Å approx.). On the other hand, 
there are other moirés easily identifiable as the moire of 2°. This orientation 
is the result of the rotation of 16.5° of the graphene layer respect to the 
substrate, and it exhibits a higher periodicity (18.8 Å). 
 
VI. Graphene on Au (111) form dendritic shapes and growth from both sides of 
the steps or pinned by defects. There are two main orientations of graphene 
at 0° and 30°. An increase of the surface covering does not alter the 
dendritic shape. These “fingers” are the result of the carbon-carbon 
interaction prevailing over the carbon-gold one. The main difference with the 
G/Pt system is that the carbon atoms can diffuse more on platinum because 
this substrate is annealed at higher temperature.  
 
VII. Calculations establish that if the number of carbon atoms increases, it is 
more complicated that they are adsorbed on a surface. In the Platinum 
case, the carbon atoms place in the positions of the platinum ones if they 
exist, occupying a fictitious platinum layer on the surface. However, the 
carbon atoms on the gold surface form compounds with each other bonded 
to the atoms of the surface. However, in the cases of six carbon atoms on 
the metallic surfaces, the behavior changes and the carbon atoms combine 
with the substrate atoms to form a hexagonal structure. On the other hand, 
the distance between the carbon atoms and the substrate increase with the 
number of carbons, so once the graphene layer is formed, that distance is 
the highest in both cases (between 3.0 Å and 4.0 Å). 
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VIII. Graphene on diamond C (111) forms nano-islands as patches on the 
surface with different orientations. The LEED and STM techniques identify a 
p(2×2) structure attributable to the graphene growth. Moreover, a 
displacement of the energy loss peak is observed, in a way that the distance 
of it with the elastic peak increases 9.0 eV. The theoretical calculation and 
the simulation of STM images help to determine that the p(2×2) structure is 
compounded by the graphene on a buffer layer of one carbon atom on the C 
(111) surface. 
 
IX. In this work, graphene has growth on three hexagonal surfaces (Pt (111), 
Au (111) and C (111)) and another more with a square surface (C (100)). At 
first, the geometry of the surface should favor the formation of another 
hexagonal material like graphene, and it can be more complicated in a 
different geometry. In this case, graphene growth on C (100) forms a p (2×1) 
structure, and it is oriented in both directions of the diamond lattice. Despite 
the troubles with the quality of the surface and the insulating nature of the 
substrate, graphene has grown on the surface forming hexagonal islands 
linked with each other. The energy loss peak suffers a displacement in the 
same direction of the G/C (111) case, but now, the distance between it and 
the elastic peak increases only 4 eV. 
 
X. On the other hand, we have been able to sublimate a large molecule on Cu 
(110) without it suffering damage. The Cu4Cl4 molecule has self-assembled 
on the surface forming long stripes in a p (5×3) structure. The DFT 
calculations have determined that the chains be formed by intermolecular π 
bonds. In that way, the molecule keeps “stand-up” on the surface, because 
two di-pyrimidine disulfides are placed close to the copper, and the other 
two at outlying areas. 
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XI. In a water molecules environment, a series of chemical reactions have been 
produced. They conclude with the formation of new stripes. They are less 
bright, shorter, wider and the bumps show higher periodicity than the stripes 
related to the Cu4Cl4 molecules. Due to the possible chemical mechanisms 
and the calculations, we conclude that the two di-pyrimidine disulfide of the 
Cu4Cl4 molecule close to the substrate has transformed into two 2-
pyrimidinol. The transformation allows that the intermolecular distance 
reduces, so the periodicity in the stripes formed by the molecules after 
transformation is higher. This way, the corresponding simulated image of 
STM ratifies this fact.  
 
XII. The chemical reaction produced on the copper surface changes the LEED 
pattern in every step. So, these schemes are not directly related to the 
stripes structure. At the begin of the reaction, the pattern shows a p (2×1) 
that corresponds to the well-known reconstruction of oxygen on the Cu 
(110) surface. Later, the scheme changes to a c (2×2) that is related to the 
organization of sulfur islands on the surface. Both structures are also 
observed in the STM images, covering the surface. So, that is the reason 
they have the major contribution in the LEED technique. 
 
XIII. Due to the combination of experimental techniques, calculations, and an 
analysis of the chemical and physical processes can be involved, we have 
studied and understood in situ the chemical reaction on Cu (110) surface. 
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 7. Conclusiones Generales 
 
I. En este trabajo se presenta un nuevo método para crecer grafeno basado 
en la sublimación directa de átomos o compuestos de carbono sobre una 
superficie. Esta metodología se puede resumir como una fuente de carbono 
sólida  por la que pasa una corriente de entre 14-18 A en un ambiente de 
Ultra Alto vacío. En nuestro caso, hemos caracterizado que a la corriente 
usada en los crecimientos de grafeno (14 A), la masa principal sublimada 
es carbono atómico. 
 
II. Gracias a la ecuación de Clausius-Clapeyron, hemos podido determinar los 
calores latentes de fusión. Esto determina que las especies formadas por 
carbono di-atómico son especialmente difíciles de sublimar en comparación 
con otras. A pesar de eso, el carbono di-atómico es una de las especies 
más presentes durante la sublimación, pues incluso aumenta su cantidad 
con el incremento de temperatura.  
 
III. Apoyándonos en los calores latentes de fusión y los porcentajes de 
presencia de cada compuesto, podemos concluir que el filamento de 
carbono sólido está principalmente formado por carbono mono- and di-
atómico, aunque también hay cantidades de otras especies. 
 
IV. Hemos demostrado la eficiencia de nuestro método creciendo grafeno en 
sustratos de diferentes características. Por un lado, en dos superficies 
metálicas, platino (Pt (111)) y oro (Au (111)); y por otro, dos superficies de 
diamante (C (111) y C (110)) dopados con boro o nitrógeno, por lo que se 
comportan como semiconductores. Para conseguir estos sistemas, hemos 
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calentado los sustratos usando temperaturas inferiores a las registradas en 
la bibliografía. Estas son: G/Pt (111): 923K; G/Au (111): 823K; G/C (111) y 
G/C (100): 1273K. La diferencia de temperatura entre los sistemas G/Pt y 
G/Au es debido a la barrera de difusión de un átomo de carbono sobre cada 
superficie, en el que de un sustrato a otro, el átomo de carbono necesita 
unos 60 K más para poder saltar de una celda a otra vecina del sustrato. 
 
V. El grafeno sobre Pt (111) se extiende en todas las regiones planas. La 
orientación principal del grafeno forma el moire de 19°. Sin embargo, es un 
moire con una periodicidad muy pequeña (7,1 Å aprox.), por lo que es 
difícilmente observable en STM. Además, hay otros moires fácilmente 
reconocibles como el de 2°, formado por la rotación de 16,5° del grafeno 
respecto del sustrato con una periodicidad de 18,8Å. 
 
VI. El grafeno sobre Au (111) tiene una apariencia dendrítica y crece a partir de 
defectos en la superficie o desde los extremos de los escalones. Sus 
orientaciones principales forman dos moires, de 0° y 30°. El incremento de 
recubrimiento de grafeno no cambia la forma dendrítica. Esta forma de 
“dedos” se debe a que la interacción carbono-carbono predomina con 
respecto a la interacción carbono-oro. La principal diferencia con el caso de 
G/Pt es que los átomos de carbono pueden difundir más en la superficie por 
los 100 K más de calentamiento del sustrato. 
 
VII. Los cálculos teóricos establecen que a medida que aumenta el número de 
átomos de carbono en la superficie, son más difíciles de ser adsorbidos. En 
platino, en un principio, los átomos de carbono se organizan en la superficie 
de forma que intentan adquirir las posiciones que ocuparían los átomos del 
sustrato. En oro, sin embargo, los átomos de carbono forman compuestos 
entre ellos que se unen a los átomos del sustrato. A partir de seis átomos 
de carbono, se forma una estructura hexagonal combinándose con los 
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átomos del metal. Por otro lado, la distancia de los átomos de carbono 
aumenta con el número de éstos, de forma que al formar una capa de 
grafeno, éste se encuentra a mayor distancia del sustrato en ambos casos 
(entre 3,0 Å y 4,0 Å). 
 
VIII. El grafeno sobre diamante C (111) forma nano islas sobre la superficie con 
distintas orientaciones. La posición principal de las islas forman una 
estructura p (2×2) que se observa con las técnicas LEED y STM. El 
crecimiento de grafeno sobre C (111) produce un desplazamiento del pico 
de pérdida de energía aumentando en 9 eV las distancia con el pico 
elástico. Con los cálculos teóricos y la simulación de imágenes de STM, 
hemos determinado que esta estructura (p (2×2)) se compone de un átomo 
de carbono (que ha sido previamente adsorbido) en una capa intermedia 
entre la superficie de diamante y el grafeno. 
 
IX. El grafeno ha sido crecido sobre tres superficies hexagonales, que en 
principio favorecerían la formación de otro material hexagonal y sobre el 
diamante C (100) con una superficie cuadrada. En este caso, el grafeno 
forma una p (2×1) orientado en las dos direcciones de la red del sustrato. A 
pesar de los problemas por la calidad de la superficie y naturaleza de los 
diamantes, podemos comprobar la existencia de islas hexagonales de 
grafeno enlazadas entre sí sobre la superficie de C (100). El pico de pérdida 
de energía, en este caso, se desplaza en el mismo sentido que en el caso 
de G/C (111), pero en este caso, la distancia entre él y el pico elástico 
aumenta en 4 eV. 
 
X. Por otro lado, hemos sido capaces de sublimar una gran molécula sobre 
una superficie de Cu (110) sin que ésta se haya roto. La molécula Cu4Cl4 se 
ha autoensamblado en la superficie formando largas cadenas organizadas 
en una estructura p (5×3). Los cálculos DFT han determinado que las 
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cadenas son el resultado de enlaces π intermoleculares que mantienen a la 
molécula “de pie” sobre la superficie, es decir, con dos di-pirimidinas di-
sulfuro cercanos al cobre, y otras dos muy alejadas de él. 
 
XI. En un ambiente con moléculas de agua, se producen una serie de 
reacciones químicas que culminan con la formación de nuevas cadenas en 
la superficie con diferente apariencia. Estas nuevas cadenas son menos 
brillantes, más cortas, más anchas y con las protuberancias que la forman 
más apiladas. A través de los posibles mecanismo químicos que se pueden 
haber dado, y los cálculos teóricos, determinamos que la molécula Cu4Cl4 
ha sufrido una ruptura en las dos di-pirimidinas di-sulfuro cercanas al 
sustrato, de forma que han concluido en la formación de dos 2-pirimidinol. 
Esta ruptura ha permitido que las moléculas resultantes se acercaran más, 
aumentando así la periodicidad observada en las protuberancias con el 
STM. Este último hecho se ha podido comprobar simulando la imagen de 
STM. 
 
XII. A lo largo de la reacción química en la superficie de cobre, los patrones de 
LEED cambian mostrando un esquema no directamente relacionado con la 
estructura de las cadena, como sí lo hacía antes de la sublimación de agua. 
Al principio de la reacción, el patrón de LEED forma una p (2×1) 
relacionaba con la bien conocida reconstrucción de la superficie de cobre 
por átomos de oxígeno. Posteriormente, el patrón cambia a una c (2×2) 
relacionada con la organización de islas de azufre sobre esa superficie. 
Ambas estructuras son observadas en las imágenes de STM, cubriendo 
toda la superficie, por lo que dan mayor contribución de señal que las 
cadenas para la difracción de electrones a baja energía. 
 
XIII. Gracias a la combinación de técnicas experimentales de superficies, 
cálculos teóricos y el análisis de los procesos químicos y/o físicos que han 
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podido estar envueltos, hemos podido estudiar y entender in situ la reacción 
química producida en la superficie de cobre. 
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